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ZUSAMMENFASSUNG  
 
Zusammenfassung 
Der Vulkanismus in Mittelamerika ist eine Folge der Subduktion der Cocosplatte unter 
die Karibische Platte. Die dadurch entstehende mittelamerikanische  Vulkankette (im 
Englischen: Central American Volcanic Arc – CAVA) erstreckt sich über fast 1500 km 
parallel zum Mittelamerikanischen Graben von Guatemala im Nordwesten bis nach 
Costa Rica im Südosten. Charakteristisch für die mittelamerikanische Vulkankette ist 
eine systematische Änderung der tektonischen Parameter (z.B. Subduktionswinkel der 
Cocosplatte) und der geochemischen Zusammensetzung der subduzierenden Platte 
und der darüber liegenden Kruste. Entlang und quer zu dieser vulkanischen Front, 
befinden sich zahlreiche z.T. noch aktive Vulkane und Vulkanzentren, die in den letzten 
Jahren das Ziel intensiver Forschung waren. Daraus entstanden eine Vielzahl häufig 
unvereinbarer unterschiedlicher Modelle, die verschiedene magmatische Quellen für 
den Ursprung der Vulkanite in Mittelamerika postulieren.    
 Im Rahmen dieser Dissertation entstanden neue Modelle, um die magmatischen 
Quellen der Vulkanite im Nordwesten und Südosten der mittelamerikanischen 
Vulkankette besser zu bestimmen. Dazu wurde ein neuer, umfassender Datensatz aus 
Haupt- und Spurenelement Konzentrationen, sowie verschiedener Isotopenverhältnisse 
(Sr-Nd-Pb und zum ersten Mal für mittelamerikanische Vulkanite Hf) von mafischen 
vulkanischen Gesteinsproben und verschiedener möglicher magmatischer Endglieder 
der subduzierenden Cocosplatte und der darüber liegenden Karibischen Platte erstellt. 
Systematische geochemische Variationen entlang und quer zur Vulkankette von 
Spurenelement Konzentrationen und Verhältnissen, besonders aber der Hf und Pb 
Isotopenverhältnisse zeigen deutlich, dass die Sedimente der subduzierenden 
Cocosplatte nicht zur magmatischen Quellzusammensetzung der Vulkanite im 
Nordwesten beitragen, wie in mehreren bereits publizierten Modellen angenommen 
wird. Mit Hilfe der neuen Daten kann vielmehr ein System aus drei magmatischen 
Endgliedern beschrieben werden, dass die beobachteten systematischen 
geochemischen Variationen für den Vulkanismus in NW Mittelamerika erklärt. Eine 
angereicherte (d.h. radiogene Pb und Sr, aber unradiogene Hf und Nd 
Isotopenverhältnisse) magmatische Quelle in der Lithosphäre unterhalb von Guatemala 
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bildet dabei das nordwestliche magmatische Endglied für die Vulkanite der 
mittelamerikanischen Vulkankette. Der südöstliche Teil der Vulkankette ist 
charakterisiert durch die Subduktion des Cocos Rückens und einer angrenzenden 
submarinen Vulkanprovinz vor Costa Rica. Diese, durch den Galapagos Hotspot 
geprägten tektonischen Erhebungen, zeigen eine besondere, angereicherte Isotopen-
Signatur, die Galapagos Ozeaninseln Basalt (OIB) Signatur (d.h. radiogene Pb und Hf 
Isotopenverhältnisse). Die im Rahmen dieser Dissertation neugewonnenen Daten von 
mafischen Vulkaniten aus Costa Rica und Panama zeigen einen von Zentral-Costa Rica 
nach Nicaragua systematisch abnehmenden aber anfänglich sehr starken Einfluß der 
subduzierenden Galapagos-Hotspot submarine Vulkanprovinz auf die Quelle für die 
Vulkanite.  
.  
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Abstract 
Volcanism in Central America results from the subduction of the Cocos plate beneath 
the Caribbean plate. The resulting central American Volcanic arc (CAVA) extends for 
~1500 km parallel to the Middle American Trench from Guatemala in the northwest to 
Costa Rica in the southeast. Characteristic for the CAVA are systematic variations in 
tectonic parameters (e.g. subducting angle of the Cocos plate), the composition of the 
subducting plate and the overlying crust. Various partly still active volcanoes and 
volcanic centers are located along and across the arc and have been subject to 
intensive research for the past years. The numerous and often contradicting individual 
models for the origin of arc volcanics in Central America propose a variety of distinct 
magmatic sources.           
 This dissertation provides new models for the magmatic sources of northwestern 
and southeastern CAVA rocks. A new and comprehensive dataset of main and trace 
elements concentrations and ratios, and isotope ratios (Sr-Nd-Pb and for the first time 
for Central American volcanics Hf) of mafic volcanics und potential magmatic 
endmembers from the subducting Cocos plate and the overlying Caribbean Plate has 
been established. Systematic along and across arc geochemical variations of trace 
element concentrations and ratios and isotope ratios (in particular of Hf and Pb) clearly 
show that subducting Cocos plate sediments have no influence on the magmatic source 
components for NW CAVA rocks, as has been proposed by several already published 
models. The new dataset provides a system of three magmatic endmember 
components which can explain the observed systematic geochemical variations of NW 
CAVA rocks. The northwestern CAVA endmember is an enriched magmatic component 
in the lithosphere beneath Guatemala. The southeastern part of the arc is characterized 
by the offshore Costa Rica subducting Cocos and Coiba ridges and a neighboring 
subducting seamount province, which all show an enriched Galapagos hotspot 
influenced ocean island basalt (OIB) signature (i.e. radiogenic Pb and Hf but 
unradiogenic Sr and Nd isotopic ratios). New data from mafic volcanics from Costa Rica 
and Panama show a strong, though systematically from Costa Rica to Nicaragua 
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decreasing influence of the subducting Galapagos hotspot seamount province on the 
magmatic source composition of the volcanic 
VORWORT 
 
Vorwort 
Diese Arbeit stellt in ihrer Gesamtheit eine monographische Dissertation dar, die aus 
vier unabhängigen Kapiteln besteht. Diese sind zum Teil zur Veröffentlichung 
vorgesehen. 
 
Diese Dissertation entstand auf Anregung von Prof. Dr. Kaj Hoernle, im Rahmen des 
durch die Deutsche Forschungsgemeinschaft (DFG) geförderten 
Sonderforschungsbereiches 574 - Volatile und Fluide in Subduktionszonen: 
Klimarückkopplungen und Auslösemechanismen von Naturkatastrophen. Ihm gilt mein 
besonderer Dank für die Vergabe dieser Arbeit, sowie seine Unterstützung, sowohl im 
Gelände als auch im Institut, durch zahlreiche Diskussionen und wichtige 
Denkanstösse. Ich habe viel gelernt! 
Ebenfalls danke ich Thor Hansteen für das Koreferat.  
Mein weiterer besonderer Dank gilt Dr. P.v.d. Bogaard für seine umfassende Hilfe bei 
der Geländearbeit, die den Grundstein zu dieser Arbeit bildete; Dr. F. Hauff, Dr. J. 
Fietzke, Dipl.-Ing. J. Sticklus und S. Hauff für ihre Assistenz und unschätzbare Hilfe bei 
der Einarbeitung und Durchführung in die Isotopenanalytik, ohne die diese Dissertation 
nicht durchführbar gewesen wäre. Ich danke D. Rau für die RFA Analytik, die die Basis 
für die weiteren Verlauf der Probenauswahl bildete.  
Dr. J. Geldmacher, Dr. M. Portnyagin und Dr. S. Duggen danke ich für ihre 
Diskussionsbereitschaft und hilfreichen Kommentare. Ich danke Dr. R. Werner für seine 
langjährige Unterstützung im Hintergrund, die mir immer wieder geholfen hat. 
Desweiteren danke ich Dr. D. Garbe-Schönberg, Heidi Blaschek, Petra Fiedler, Ulrike 
Westernströer und Inge Dold für ihre Unterstützung bei der ICP-MS Analytik. 
V 
 
CONTENTS 
 
Meinen Hiwis Julia, Philipp und Carina danke ich für immer zuverlässige 
Probenaufbereitung. 
Heidi Wehrmann, Christian Timm, Nikolaus Bigalke, Rieka Harders, Cosima Burkert 
Steffen Kutterolf, Mathias Marquardt, Seth Sadofsky, Britta Lissin (und natürlich allen 
anderen vom SFB 574 und IFM-GEOMAR die dabei waren) danke ich für die vielen 
netten Mensabesuche und Kaffeepausen, guten und unterhaltsamen Gespräche und 
Zerstreuungen. 
Mein größter Dank geht an Janne und die Kleinen (Ronja, Bente und Mads). Ohne sie 
wäre ich niemals in der Lage gewesen, meine Arbeit in dieser Form durchzuführen. 
Vielen Dank! 
 
 
 
 
 
VI 
 
CONTENTS 
 
Contents 
Zusammenfassung ................................................................................................................................. I 
Abstract .................................................................................................................................................. III 
Vorwort ..................................................................................................................................................... V 
Contents ................................................................................................................................................. VII 
1  Chapter 1: Introduction .......................................................................................................... ­ 1 ­ 
1.1  Geological background ................................................................................................................ ­ 1 ­ 
1.2  Thesis outline ................................................................................................................................. ­ 2 ­ 
2  Chapter ......................................................................................................................................... ­ 4 ­ 
Along­ and across­arc geochemical variations in northwestern Central America: 
Increased contribution of enriched lithosphere to lavas along the volcanic front from 
Nicaragua to Guatemala and behind the volcanic front ...................................................... ­ 4 ­ 
2.1  Abstract ............................................................................................................................................. ­ 4 ­ 
2.2 Int    roduction .................................................................................................................................... ­ 5 ­
2.2.1  Geological overview ................................................................................................................................ ‐ 9 ‐ 
2.3  Analytical Methods ..................................................................................................................... ­ 13 ­ 
2.4 Re    sults ............................................................................................................................................. ­ 14 ­
   2.4.1 Major and Trace element data ......................................................................................................... ‐ 16 ‐
2.4.2  Sr‐Nd‐Pb‐Hf isotopes ........................................................................................................................... ‐ 20 ‐ 
2.5 Di    scussion ...................................................................................................................................... ­ 28 ­
   2.5.1 NW Nicaragua VF Endmember ........................................................................................................ ‐ 29 ‐
   2.5.2 Guatemala VF and general BVF Endmember ............................................................................. ‐ 33 ‐
2.5.3  Honduras BA Endmember ................................................................................................................. ‐ 38 ‐ 
2.6  Conclusions: ................................................................................................................................... ­ 40 ­ 
2.7  References ...................................................................................................................................... ­ 42 ­ 
3  Chapter: ..................................................................................................................................... ­ 57 ­ 
Along­arc geochemical variations in southwestern Central America (Panama to 
Nicaragua): Source constraints from Hf isotopes ............................................................... ­ 57 ­ 
3.1  Abstract ........................................................................................................................................... ­ 57 ­ 
VII 
 
CONTENTS 
 
3.2 Int    roduction .................................................................................................................................. ­ 58 ­
3.2.1  Geological overview ............................................................................................................................. ‐ 63 ‐ 
3.3  Analytical Methods ..................................................................................................................... ­ 66 ­ 
3.4 Re    sults ............................................................................................................................................. ­ 68 ­
   3.4.1 Major and Trace element data ......................................................................................................... ‐ 68 ‐
3.4.2  Sr‐Nd‐Pb‐Hf isotopes ........................................................................................................................... ‐ 77 ‐ 
3.5 Di    scussion ...................................................................................................................................... ­ 82 ­
3.5.1  The subducting Cocos plate offshore central Costa Rica and Panama ............................ ‐ 85 ‐ 
3.6  Conclusions: ................................................................................................................................... ­ 88 ­ 
3.7  References: .................................................................................................................................... ­ 90 ­ 
3.8  Appendix: .................................................................................................................................... ­ 103 ­ 
4  Chapter ........................................................................................................................................ 105 
Arc­parallel flow in the mantle wedge beneath Costa Rica and Nicaragua ................. 105 
Appendix A ......................................................................................................................................... 127 
Curriculum Vitae .......................................................................................................................................... 127 
  
 
VIII 
 
CONTENTS 
 
Table of Figures 
Figure 1.1. Cartoon illustration of the subduction factory, after Tatsumi (JAMSTEC). - 1 - 
Figure 2.1 ...............     Overview map of Central America.                                          - 10 - 
Figure 2.2- 12 -      Schematic profile parallel to the volcanic front from Guatemala to 
NW Nicaragua. ................................................................................................... - 12 - 
Figure 2.3  Major element classification diagrams for northwestern Central American 
subduction-related volcanic rocks. (a) SiO2 versus K2O classification diagram  (b) 
Total Alkali versus Silica (TAS) diagram. ........................................................... - 15 - 
Figure 2.4) (a-i)   MgO versus major element oxide variation diagrams .................. - 17 - 
Figure 2.4 (j-r)   MgO versus select trace element variation diagrams. .................. - 18 - 
Figure 2.5: ........................... Primitive N-MORB normalized multi-element diagrams- 19 - 
 Primitive N-MORB normalized multi-element diagrams. .......................................... - 19 - 
Figure 2.6 Distance along the volcanic front versus selected trace element ratios .......  
  ............................................................................................................ - 21 -- 
Figure 2.7  - 22 - 
Figure 2.8  Sr-Nd isotope diagram for NW Central American volcanics. ................ - 24 - 
Figure 2.9  Lead isotopic correlation diagram for Central American volcanic rock 
samples…. ......................................................................................................... - 25 - 
Figure 2.10 (a-d). Lead vs. Nd and Hf isotope correlation diagrams for NW CAVA 
volcanics... ......................................................................................................... - 26 - 
Figure 2.11  eNd versus eHf diagram for Central American volcanic rock samples ..... 
 . ........................................................................................................ - 27 - 
IX 
 
CONTENTS 
 
Figure 2.12  (a-d) Fluid flux variation diagram using 87Sr/86Sr vs. selected fluid-
mobile to less-fluid-mobile element ratios from Central American volcanics ...... - 32 - 
Table 2.1 Major (wt%) and trace elements (ppm) and isotopic ratios of Central American 
Arc volcanics ...................................................................................................... - 47 - 
Table 2.2  Sr-Nd-Pb-Hf isotopic compositions for Central American Arc volcanics  .....  
  ............................................................................................................. - 54 - 
Figure 3.1  Overview map of Central America ....................................................... - 64 - 
Figure 3.2  SiO2 versus K2O major element classification diagram for southwestern 
Central American subduction-related volcanic rocks .......................................... - 69 - 
Figure 3.3 (a-i)  MgO versus major element oxide variation diagrams ................... - 70 - 
Figure 3.4 (a-f)  Primitive N-MORB normalized multi-element diagrams ................ - 72 - 
Figure 3.5  Distance along the volcanic front versus major (a-i) and selected trace 
element ratios (j-o) ............................................................................................. - 76 - 
Figure 3.6 (a-d)  Distance along the volcanic front versus 87Sr/86Sr, 206Pb/204Pb, 
207Pb/204Pb and 176Hf/177Hf isotope ratios for southwestern Central American 
volcanics  ................................................................................................... - 78 - 
Figure 3.7 (a-c)  Pb vs. Hf isotope data for southwestern Central American volcanics .. 
 . .................................................................................................... - 80 - 
Figure 3.8 eNd vs. eHf diagram for southwestern Central American VF and BVF 
volcanics ............................................................................................................ - 81 - 
Figure 3.9 (a, b)  eNd vs. eHf diagram for mafic southwestern Central American VF 
and BVF volcanic rock samples ......................................................................... - 86 - 
Table 3.1.  Major (wt%) and trace elements (ppm) and selected trace element ratios 
of southwestern Central American Arc volcanics. .............................................. - 93 - 
X 
 
CONTENTS 
 
Table 3.2.  Sr and Hf isotopic compositions of southwestern Central American Arc 
volcanics. ......................................................................................................... - 100 - 
Figure Isos I (a-b)  Sr vs. Nd and Hf isotope data for mafic southwestern Central 
American volcanics .......................................................................................... - 103 - 
Figure Isos II (a-b)  Nd vs. Hf and Pb vs. Pb isotope data for mafic southwestern 
Central American volcanics .............................................................................. - 104 - 
 
XI 
 
CONTENTS 
 
 
 
XII 
 
CHAPTER 1 
 
1 Chapter 1: Introduction  
1.1 Geological background 
Subduction zones (Figure 1) mark the one side on the earth where oceanic lithosphere 
is recycled back into the mantle (e.g. Stern, 2002; Tatsumi, 2005;). Here one oceanic 
lithosphere is being subducted beneath another one or continental lithosphere. 
Consisting of oceanic sediments (pelagic, carbonate and/ or terrigenous) and basaltic 
oceanic crust (altered/ hydrated or fresh), the lithospheric plate transports material from 
various geochemical distinct sources in the subduction zone. The release of hydrous 
fluids or melts from the downgoing plate into the overlying mantle wedge causes partial 
melting, which results in arc volcanism. In general the subducting slab contributes to the 
overlying arc volcanism (e.g. Morris, 1991; Plank and Langmuir, 1993). Arc volcanoes 
therefore provide excellent opportunities on detailed geochemical information on the 
various contributing source components of the subduction zone (e.g. subducting plate, 
mantle wedge and overlying crust). 
 
Figure 1.1. Cartoon illustration of the subduction factory, after Tatsumi (JAMSTEC). 
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Igneous rocks from arc volcanoes in subduction zones are generally enriched in large 
ion lithophile elements (LILE) relative to light rare earth elements (LREE) and high field 
strength elements (HFSE) (e.g. Arculus, 1994). Ratios of more to less fluid mobile trace 
elements (e.g. Ba/La, Ba/ Nb, U/Th, Sr/Ce) are therefore sensitive to the intensity of 
fluid flux from subducting slab-derived fluids (e.g. Patino et al., 2000; Sadofsky et al., 
2008). Other trace element ratios can be used to estimate the degree of partial melting 
(e.g. La/Yb and Zr/ Hf), however trace element ratios can generally be modified by 
physical processes like partial melting or magma differentiation. Radiogenic isotope 
ratios on the other hand are not affected by those processes and therefore can be used 
to determine the contribution of distinct magmatic sources to arc magmatism. Though 
considering the elements for which isotope data is available in this dissertation, Pb 
generally is the most fluid-mobile in subduction systems, followed by Sr, whereas Nd 
and Hf are considered to be relatively fluid-immobile (e.g. Pearce et al., 2007). Hence 
high fluid flux in subduction zones and the resulting subduction input can dominate the 
isotopic composition of e.g. lead. 
 
1.2 Thesis outline 
The main reason for this dissertation was to study spatial geochemical evolution along 
and across the Central American Volcanic Arc. In Central America several 
systematically varying tectonic parameters (e.g. subduction angle and velocity of the 
subducting Cocos plate, thickness of the lithosphere) and chemical composition of the 
overlying Caribbean plate coincide with systematic geochemical variations along the 
volcanic front from Guatemala to Costa Rica and Panama. The large number of existing 
models for the Central American Arc volcanism, which are sometimes quite 
contradicting, cannot explain the new data presented by this thesis. A new model, which 
is based on the new dataset and tested against existing models, led to surprising results 
about the feasibility of already suggested magmatic sources. 
The work is presented here in three independent chapter (II, III, IV), which are designed 
for future publication or are already published. The chapters deal with the different parts 
- 2 - 
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of the Central American Volcanic Arc. Chapter II describes the northwestern part, 
extending from Guatemala to NW Nicaragua. Chapter III and IV describe the 
southeastern part of the arc, extending from Panama and Costa Rica to NW Nicaragua, 
which forms the centers of the arc. All chapters give an overview of previous work and 
existing models in the respective working areas. 
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2 Chapter 
Along- and across-arc geochemical variations in 
northwestern Central America: Increased 
contribution of enriched lithosphere to lavas along 
the volcanic front from Nicaragua to Guatemala and 
behind the volcanic front 
Ken Heydolph1*, Kaj Hoernle1,2, Paul van den Bogaard2, Folkmar Hauff2 
1 Sonderforschungsbereich 574, University of Kiel, Wischhofstr. 1-3, D-24148 Kiel, Germany; 
2 Leibniz-Institut für Meereswissenschaften IFM-GEOMAR,  
Wischhofstr. 1-3, D-24148 Kiel, Germany;  
*Corresponding author 
In preparation for GCA 
 
2.1 Abstract 
The Central American Volcanic Arc (CAVA) has been subject of intensive research over 
the past years, leading to a variety of distinct models for the origin of CAVA lavas with 
various source components. We present a new model for the NW Central American 
Volcanic Arc based on a comprehensive new geochemical data set (major and trace 
element and Sr-Nd-Pb-Hf isotope ratios) of mafic volcanic front (VF), behind the 
volcanic front (BVF) and back-arc (BA) lava and tephra samples from NW Nicaragua, 
Honduras, El Salvador and Guatemala, subducting Cocos Plate sediments (from DSDP 
Leg 67 Sites 495 and 499) and igneous oceanic crust (from DSDP Leg 67 Site 495), 
and Guatemalan (Chortis Block) granitic and metamorphic continental basement. 
Although there are no systematic variations in Sr isotope ratios along the arc, Pb 
isotope ratios increase and Nd and Hf isotope ratios decrease systematically from NW 
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Nicaragua to Guatemala. Behind the volcanic front lavas have more radiogenic Pb and 
less radiogenic Nd and Hf isotopic compositions than related volcanic front lavas. We 
distinguish three endmembers for the volcanism in NW Central America: (1) NW 
Nicaraguan volcanic front (VF) samples with very high Ba/(La, Th) and U/Th, low La/Yb, 
relatively radiogenic Sr, Nd and Hf but unradiogenic Pb, 2) NW Guatemalan VF and 
Guatemalan and Honduran BVF samples with low Ba/(La, Th) and U/Th, high La/Yb, 
radiogenic Sr and Pb but unradiogenic Nd and Hf, and 3) Honduran and Nicaraguan 
behind the volcanic front (BVF) samples with low Ba/(La, Th) and U/Th, high La/Yb, 
unradiogenic Sr but radiogenic Nd, Hf and Pb. We interpret the NW Nicaragua VF 
endmember to be dominated by a largely serpentinite-derived fluid flux from the 
subducting slab, possibly with small amounts (<1 wt. %) of sediment melts, to a 
depleted N-MORB type of mantle wedge, resulting in large degrees of melting of 
primarily peridotitic material. The isotopically enriched Guatemala VF and BVF 
endmember could be derived from parental magmas for plutonic rocks in NW Central 
America, which crystallized pyroxenitic cumulates in the lithospheric mantle (and 
possibly lower crust) that were melted and contributed to Quaternary subduction-related 
volcanism. The presence of the enriched Guatemala endmember correlates largely with 
the presence of continental crust and crustal (and presumably lithospheric) thickness, 
i.e. the most enriched compositions occur where the crust is thickest. The isotopically 
depleted Honduras and Caribbean BA endmember could be derived from melting of 
young, recycled, oceanic crust in the asthenosphere upwelling in the back-arc, based 
on the OIB-like major and trace element but relatively depleted isotopic compositions of 
these samples. Mixing between these three endmember types of magmas can explain 
the observed systematic geochemical variations along and across the NW Central 
American Arc. 
 
2.2 Introduction  
 Subduction zones mark the sites where an oceanic plate is subducted beneath 
an oceanic or continental plate, transferring lithospheric material back into the Earth’s 
mantle. The release of fluids or hydrous melts from the subducting slab causes partial 
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melting in the mantle wedge resulting in arc volcanism. Therefore samples from arc 
volcanoes provide detailed geochemical information on various geochemically distinct 
source components contributing to subduction-related arc volcanism (e.g. subducting 
plate, mantle wedge and overlying crust).  
 Along the Central American subduction zone, where the Cocos Plate subducts 
beneath the Caribbean Plate, there are systematic variations in tectonic parameters, 
such as the subduction angle, thickness of the lithosphere and crust of the over-riding 
plate and the composition of the subducting Cocos Plate and the crust of the over-riding 
plate (e.g. Carr et al., 1984, 2003; Patino et al., 2000; Rüpke et al., 2004; Auger et al., 
2006; Syracuse and Abers, 2006; Abers et al., 2007; Hoernle et al., 2008; MacKenzie et 
al., 2008). An exceptionally broad geochemical database for Central American 
volcanism has led to a large number of, in some cases conflicting, models for the 
generation of Central American arc volcanism, invoking a combination of diverse 
tectonic parameters, varying crustal compositions and potential source components. 
Below we briefly summarize the previous work and models proposed to explain 
geochemical variations along and across the arc in Central America. 
 Geochemical studies along the CAVA have identified several geochemically 
distinct endmembers. Carr et al. (1990) argued that Sr and Nd isotopic ratios of Central 
American volcanic rocks can be explained by mixing of four components: marine 
sediments from DSDP Site 495, MORB-source mantle (DM), EMORB-source mantle 
(EM) and continental crust. Mixing between DM and less than 0.5% marine sediments 
or fluids, form a modified mantle (MM) component. Most of the isotopic data form a 
trend between EM and MM, which is also well defined in the incompatible-element data 
e.g. Ba/La vs. La/Yb.  
 Feigenson and Carr (1993) used inverse modeling to calculate rare earth 
element patterns of Central American lava sources. Guatemalan and Costa Rican 
sources display high modal garnet contents and moderate-to-strong light rare earth 
element (LREE) enrichment, whereas Nicaraguan sources are defined by a slight LREE 
depletion and little to no modal garnet in the residuum. They propose that a broadly 
homogeneous but locally heterogeneous mantle wedge could contain relatively 
CHAPTER 2 
 
enriched small-sized garnet-bearing veins surrounded by an isotopically depleted 
mantle peridotite matrix. Melting of distinct sources can be explained by the varying dip 
of the subducting lithosphere beneath the volcanic arc, which causes varying amounts 
of flux melting beneath the different arc segments. 
 Leeman et al. (1994, 1996) showed systematic along-arc variations in B/La ratio 
and strong correlations between B/La and 10Be/9Be ratios They proposed that a 
decrease in B/La and 10Be/9Be ratios along the volcanic front from Nicaragua to 
Guatemala reflect a decreasing subduction contribution to arc magma sources toward 
Guatemala. 
 Using lithium concentrations and isotopic compositions and their strong 
correlations with other fluid-mobile elements (e.g. B, 10Be, U, 87Sr/86Sr, LILE) from 
basaltic Central American Volcanic Arc lavas, Chan et al. (1999, 2000, 2002) provided 
more evidence for subduction-related modification of subarc mantle by slab-derived 
fluids. They argued that the low δ6Li values for the fluids overlap with altered oceanic 
crust and marine sediment compositions and that Li and Sr isotopic systematics can be 
explained by small additions of fluids from these sources to depleted or enriched mantle 
sources for the CAVA magmas. 
 Patino et al. (2000) used incompatible trace element ratios to demonstrate the 
role of two different Cocos Plate sediment units (i.e. carbonate and hemipelagic) on 
both local and regional geochemical variations in Central American arc lavas. Local 
geochemical variations in all arc segments, defined by trace element ratios with large 
differences between the stratigraphic units (e.g. Ba/Th and U/La), are a result of the 
relative variation in the amount of hemipelagic to carbonate sediment input into the 
magma generation process and in the flux of hydrous fluids (e.g. Ba/La and U/Th) from 
the subducting slab. In summary, the slab signal is strongest in the Nicaragua volcanic 
front lavas and decreases to the northwest and southeast along the volcanic arc and 
into the back arc. 
 Based on Sr-Nd-Pb isotope data, Feigenson et al. (2004) suggested that a 
combination of crustal contamination and subducted Cocos Plate sediments contribute 
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to the Guatemalan and Honduran magmas. Using oxygen isotope data, Eiler et al. 
(2005) also argued that partial melts of subducted Cocos Plate sediments contribute to 
Guatemalan magma sources, whereas dehydration of hydrothermally-altered rocks 
and/or serpentinites contribute to central Nicaraguan magma sources. Walker et al. 
(2007) linked variations in uranium and thorium disequilibria to crustal contamination of 
mafic central Guatemalan lavas but proposed that Nicaraguan magmas contain a 
maximum contribution of subducted Cocos Plate sediments, consistent with the high 
10Be/9Be isotope ratios in the central Nicaraguan lavas (Morris et al. 1990).  
 Sadofsky et al. (2008) reported large heterogeneity of CAVA magma sources on 
local and regional scales using olivine melt inclusion compositions (i.e. major and trace 
elements and volatile components) from CAVA samples from Guatemala to Costa Rica. 
They relate these variations to variable contributions of various crustal and mantle 
components involved in magma genesis. Correlations of water and trace elements (e.g. 
Ti, Y and Na) and trace element ratios (e.g. Ba/La, B/La) indicate melting in the mantle 
wedge, fluxed by Ba-, B- and H2O-rich, possibly serpentinite-derived, fluids, in particular 
beneath the central (Nicaraguan) part of the arc. On the other hand, components with 
melt-like properties, e.g. high Cl, S, F, LREE and La/Nb seem to control Guatemalan 
and Costa Rican magma generation. 
 Hoernle et al. (2008) argued, based on Pb and Nd isotopic and incompatible 
trace element (Ba/La and La/Yb), that a component with melt-like properties, derived 
from the subducting seamount province of the Galapagos hotspot track, is being added 
to the mantle wedge beneath Central Costa Rica. Systematic variations in isotopic 
composition of volcanic front volcanoes and arc-parallel seismic velocity anisotropy in 
the mantle wedge were interpreted to reflect northwestward flow of mantle from beneath 
Central Costa Rica to northwesternmost Nicaragua. Transfer of material from the slab 
beneath Nicaragua was interpreted to occur primarily through hydrous fluids derived 
from the subducting oceanic crust and/or serpentinites in the down-going slab +/- small 
amounts of sediment melting. Using trace element modeling, Gazel et al. (2009) also 
demonstrated that the Galapagos hotspot contribution decreases systematically along 
the volcanic front from central Costa Rica to NW Nicaragua and that small amounts of 
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sediment melts (≤0.6 wt. %) also contribute to the trace element signatures. 
 In this study, we present a comprehensive, new geochemical (major and trace 
elements and Sr-Nd-Pb-Hf isotope ratios) data set, in order to evaluate the different 
models for the origin of mafic VF and BVF lava and tephra samples from volcanic 
centers along and across the Central American Volcanic Arc in Guatemala through El 
Salvador and Honduras to NW-Nicaragua. We note that our study is the first to present 
Hf isotope data from Central America. Our data confirm systematic along- and across-
arc variations in isotopic compositions and major and trace elements (e.g. Carr et al., 
1990, 2003; Feigenson et al. 1993, 2004; Sadofsky et al., 2008). We also present new 
geochemical data from potential geochemical endmembers in the Central American 
subduction system: subducting Cocos Plate sediments (from DSDP Leg 67 Sites 495 
and 499), igneous oceanic crust (from DSDP Leg 67 Site 495) and Guatemalan (Chortis 
Block) continental basement (granitic and metamorphic). Combined, the our extensive 
new geochemical datasets for volcanic rocks and subduction zone endmembers allow 
us to place further strong constraints on the sources involved in magma generation 
beneath northwestern Central America, allowing us to rule out some of the previous 
models and to propose some new models for the origin of some endmembers. 
2.2.1 Geological overview 
 Subduction of the Cocos Plate beneath the Central America (Caribbean Plate) 
creates a chain of volcanoes extending for more than 1400 km from Tacaná Volcano 
near the Guatemalan-Mexican border to western Panama (Figure 1). These subduction-
related volcanic centers can be divided into volcanic front (VF) – making up the main 
chain of volcanoes - and generally smaller behind the volcanic front (BVF) volcanic 
centers (Carr et al., 1984), up to 350 km from the trench. Several back-arc volcanic 
centers (BA) occur in Honduras (e.g. Yojoa and Utila Island) at a distance of 350 to 520 
km from the trench. An extensive overview of the Central American geology can be 
found in e.g. Auboin et al. (1982); Carr et al. (1990, 2003); Protti et al. (1995). Below we 
summarize the Central American geology pertinent to this study. 
- 9 - 
 
CHAPTER 2 
 
 
Figure 2.1 
Overview map of Central America, showing the subduction of the Cocos Plate beneath the 
Caribbean Plate.  Black arrows indicate direction of Cocos Plate motion and relative velocities to 
the Caribbean Plate (in mm per year) after DeMets (2001). Solid/shaded symbols mark volcanic 
front (VF) volcanoes, open symbols mark behind the volcanic front volcanoes (BVF) respectively. 
Back-arc (BA) samples from Lake Yojoa and Utila Island (both Honduras) marked with divided 
squares define a separate group. Guatemala basement samples from the Chiquimula pluton 
(unfilled stars). DSDP leg 67 and 84 drill sites (495, 499 and 567) and ODP leg 206 drill site 1256, 
marked with gray stars, provide samples for the subduction input (subducting sediments and 
altered oceanic crust and Guatemalan forearc basement). Data for samples from a seamount on 
the incoming plate outboard of Nicaragua obtained during the SO144 cruise are from Werner et al. 
(2003). The rectangle indicates the part of the VF investigated during this study. Data for BVF and 
BA samples from the northwestern Central American volcanic arc are also reported here. 
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 In this paper, we concentrate on Quaternary subduction-related volcanism in the 
northwestern part of Central America, extending along the volcanic front from 
Momotombo Volcano in northwest Nicaragua to Santa Maria Volcano in northwest 
Guatemala to Utila Island (Caribbean) in the back-arc (Figure 1). The velocity of the 
north-northeast (~22°) subducting Cocos Plate, generated at the East Pacific Rise, 
ranges from 74 ± 5 mm/y offshore Guatemala to 84 ± 5 mm/y offshore Nicaragua 
(Figure 2.1) (DeMets, 2001). The age (~25 Ma; Protti et al., 1995) and composition of 
the Cocos Plate outboard of NW Nicaragua to Guatemala is similar, suggesting a 
similar subduction input for this part of the subduction system. The sediment input, 
which has been well-defined at Deep Sea Drilling Project (DSDP) Site 495 (Figure 1), 
can be divided into a lower, ~250 m thick, unit of carbonate ooze and an overlying, ~200 
m thick, unit of hemipelagic clay (Auboin et al., 1982; Plank and Langmuir, 1998; Patino 
et al., 2000; Sadofsky et al., 2008). The upper oceanic lithospheric mantle appears to 
be extensively serpentinized, most likely due to the presence of bend faults cutting 
through the entire crust into the upper mantle (Rüpke et al., 2002; Abers et al., 2003; 
Ranero et al., 2003; Grevemeyer et al., 2007; Ivandic et al., 2008; Syracuse et al., 
2008). The subduction margin along the Pacific margin of Central America has been 
shown to be erosional (Ranero and von Huene, 2000; Vannucchi et al., 2001; 
Vannucchi et al., 2004). The forearc from Guatemala to NW Costa Rica is likely to have 
a crudely similar composition, consisting of accreted intraplate and older arc 
assemblages (Hauff et al., 2000; Hoernle and Hauff, 2007; Geldmacher et al., 2008).
 The composition of the overlying Caribbean Plate beneath the volcanic arc 
(Chortis Block) is variable, ranging from accreted oceanic igneous complexes beneath 
the VF in Nicaragua to continental crust beneath the Guatemala VF and the BVF 
regions in El Salvador, Honduras and Guatemala (Figure 2.1). In Central Guatemala, 
the Motagua-Polochic transform fault system, a 110 Ma old convergence zone, marks 
the transition from the Caribbean Plate (Chortis Block) to the North-American Plate 
(Maya Block) (Figure 1) (e.g. Donelly et al., 1990; Meschede and Frisch, 1998). From 
NW Nicaragua to NW Guatemala, the angle of the subducting plate also varies, 
decreasing from 64° to 48° (Syracuse and Abers, 2006) (Figure 2.2). The overlying 
crustal thickness increases from ~25 km beneath the  
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Figure 2.2 Schematic profile parallel to the volcanic front from Guatemala to NW Nicaragua as 
marked by red box in Figure 1, illustrating increasing crustal thickness and decreasing depth to 
the subducting slab surface going north from beneath Nicaragua to Guatemala. As a result, the 
thickness of the mantle wedge (and possible mantle melting columns denoted by a and b) 
decreases to the NW. Data for crustal thickness after Carr et al. (1984) and MacKenzie et al. (2008). 
Transition zone between continental and oceanic crust is still unspecified but occurs between NW 
Nicaragua and Central Guatemala. Values for subducting slab angle and averaged depth to the top 
of the slab after Syracuse and Abers (2006). The dashed line at ~130 km represents the beginning 
of serpentinite breakdown after Rüpke et al. (2002). Thickness of hydrated lithospheric mantle 
after Grevemeyer et al. (2007) and Ivandic et al. (2008) and beneath Nicaragua after MacKenzie et 
al. (2008).  
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Nicaraguan VF to ~46 km beneath the Guatemalan VF and with increasing distance 
behind the VF, for example to ~46 km in the Nicaragua back-arc (e.g. Ligorria & Molina, 
1997; Narcia-Lopez et al., 2004; Auger et al., 2006; MacKenzie et al., 2008). 
 
2.3 Analytical Methods 
 We collected the freshest mafic lava and tephra samples from the youngest 
volcanic events, historic when possible, from volcanic centers along and across the 
volcanic arc from Nicaragua to Guatemala, including the back-arc in Honduras. After 
removal of the altered outer surfaces, the samples were crushed to small rock/glass 
chips using a steel jaw crusher. The chips were then washed in distilled water in an 
ultrasonic bath, dried in a drying cabinet at 50°C, hand-picked under a binocular 
microscope and ground to powder (<63 µm) using an agate mill.  
 Major elements of whole rock samples (SiO2, Al2O3, MgO, Fe2O3, CaO, Na2O, 
K2O, TiO2, MnO and P2O5) were measured on fused glass beads using a Phillips 
X’Unique PW 1480 X-ray fluorescence spectrometer (XRF) with an Rh-tube at the 
Leibniz Institute of Marine Sciences, IFM-GEOMAR. Volatiles (H2O and CO2) were 
analyzed using an infrared photometer Rosemount CSA 5003. Analytical accuracy for 
major element concentrations for international reference standards (JA-2, JB-2, and JB-
3) is generally better than 5 %, except for MnO (5 – 12 %) and P2O5 (4 – 10 %), of the 
suggested values by Govindaraju (1994). 
 Trace elements (Rb, Ba, Th, U, Nb, Ta, Pb, Sr, Ni, Cr, Tl, Li, Sc, V, Co, Cu, Zn, 
Cs, Sn, Mo, Hf, Zr, Y and the REE) were measured with a VG-Plasmaquad PQ1 
inductively coupled plasma-mass spectrometer (ICP-MS) at the Institute of 
Geosciences, University of Kiel after the methods of Garbe-Schönberg (1993). 
Analytical accuracy for standard material BHVO-1 for all trace elements is better than 
5.5 %, except for Sn and Pb (~12.5 %) and Tl (33 %). Analytical accuracy for standard 
material for AGV-1 is better than 10 %, except for Cr, Tl and Th (11 – 13%) and Li, Nb, 
Mo and Tm (21 – 28 %), based on the suggested reference values of Govindaraju 
(1994) and Jochum et al. (1994). 
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 All isotope analyses were carried out at IFM-GEOMAR using a Thermo Finnigan 
TRITON (Sr, Nd isotopes) and Finnigan MAT 262-RPQ2+ (Pb, Sr isotopes) thermal 
ionization mass spectrometers and an AXIOM multiple collector ICP-MS (Hf isotopes), 
all operating in static mode. Sr-Nd-Pb isotope analyses, carried out in a Class 1000 
clean room, were made on a subset of about 100mg whole rock powders of selected 
samples. The powders were weighed in Teflon beakers and digested in a solution of HF 
u.p. (ultra-pure) and HNO3 (5:1) at 150°C for 60 hours. Ion chromatography was carried 
following the procedure by Hoernle and Tilton (1991), Hoernle et al. (2008) and 
Geldmacher et al. (2006). Within-run normalization factors were 0.1194 for 86Sr/88Sr and 
0.7219 for 146Nd/144Nd. All errors are reported as 2 sigma of the mean. Sr standard NBS 
987 averaged during 4 analysis sessions yielded 87Sr/88Sr = 0.710234 ± 0.000034 
(N=35) and the in-house Nd-monitor SPEX 143Nd/144Nd = 0.511720 ± 0.000018 (N=32). 
Isotope ratios were normalized to 0.710250 (NBS 987) for 87Sr/88Sr and 0.511715 (Nd-
SPEX; equivalent to a value of 0.511850 for the La Jolla standard) for 143Nd/144Nd. Lead 
isotope ratios are normalized to NBS 981 values from Todt et al. (1996). The long-term 
reproducibility of NBS 981 is 206Pb/204Pb = 16.902 ± 0.009, 207Pb/204Pb = 15.441 ± 0.012 
and 208Pb/204Pb = 36.537 ± 0.038 (n=22). Total blanks for Pb chemistry were <100 pg 
and thus are considered negligible. Hafnium isotope ratios were determined on a subset 
of samples. 200-500 mg of rock chips were digested for 60 hours at 130˚C in a HF-
HNO3 mixture and chemical separation followed the procedures outlined in Blichert-Toft 
et al. (1997). For detailed descriptions of MC-ICP-MS setup and analyzing modes see 
Geldmacher et al. (2006). The JMC 475 Hf-reference standard gave 176Hf/177Hf = 
0.28216 (n=25) and all measured Hf values were corrected to JMC 475= 0.282163 
(Blichert-Toft et al., 1997).  
 
2.4 Results 
 Seventy-six mafic (MgO >2 wt %) volcanic whole-rock samples (36 lava and 40 
tephra samples for which microprobe whole rock and melt inclusion data are reported in 
Sadofsky et al., 2008 from major volcanic centers along and across the northwestern 
Central American Volcanic Arc from NW Nicaragua (Momotombo Volcano) through El  
- 14 - 
 
CHAPTER 2 
 
 
Figure 2.3 Major element classification diagrams for northwestern Central American 
subduction-related volcanic rocks. (a) SiO2 versus K2O classification diagram (after Le Maitre et 
al., 1989). Mafic (MgO>2 wt %) volcanic front (VF) rocks plot within the Medium K or calc-alkaline 
series field, whereas the behind the volcanic front (BVF) and back-arc (BA) samples overlap the 
VF field and extend into the High K or High-K Calc-alkaline series. (b) Total Alkali versus Silica 
(TAS) diagram after Le Maitre et al. (2002) with data normalized to 100% on a volatile-free basis, 
included subdivision line for alkali basalts and tholeiites after MacDonald and Katsura (1964). 
Solid symbols indicate VF and open symbols BVF and BA samples. See Table 1 for geochemical 
data in this diagram. 
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Salvador and Honduras to NW Guatemala have been analyzed for major and trace 
elements (Table 2.1). All of these samples have also been analyzed for Sr, Nd, Pb 
(additional data from the NW Nicaragua samples are reported in Hoernle et al., 2008 
(Nd and Pb isotope data) and Gazel et al., 2009 (Sr isotope data)) and a subset of 30 
samples for Hf isotopes (Table 2.2). Tables 2.1 and 2.2 also include data from samples 
of the granitic (Chor 8A, P12, G3, G009 L1 and G009 L2) and metamorphic (GU M1, 
GU M2, 619 and 714A) Guatemalan basement and Cocos Plate sediments and oceanic 
crust from DSDP Leg 67 Site 495 and ODP Leg 206 Site 1256 offshore Guatemala 
(Figure 2.1) 
2.4.1 Major and Trace element data 
On a SiO2 vs. K2O classification diagram for subalkalic rocks (Figure 2.3a), VF samples 
from NW Nicaragua through El Salvador and Honduras to NW Guatemala have 
compositions within the Medium-K or Calc-alkaline series and BVF samples overlap the 
VF samples and extend into the High K or High-K Calc-alkaline series. The BA samples 
have alkalic compositions, similar to hawaiites on a Total Alkali vs. Silica (TAS) diagram 
(Figure 2.3b).  
 The most mafic (MgO = 5-8 wt.%) Guatemalan VF whole-rock samples extend to 
lower FeOt (total iron as FeO), CaO, MnO and slightly higher SiO2, TiO2 and N a2O 
contents than samples from Nicaragua with similar MgO content (Figure 2.4a-i), 
consistent with previous studies of major element concentrations of whole rocks (e.g. 
Carr et al., 1990, 2003; Patino et al., 2000) and olivine-hosted melt inclusions (Sadofsky 
et al., 2008). At a given MgO content El Salvador VF and Honduras VF samples show 
major element concentrations between corresponding VF samples from NW Guatemala 
and Nicaragua. Behind the volcanic front samples generally show a broader range in 
major element concentrations at a given MgO content (Figure 2.4 a-i), overlapping with 
the VF samples and in general extending to lower CaO and FeOt and higher TiO2, 
Na2O, K2O and P2O5 than VF samples. Sc and V show a crude decrease and Pb and Sr 
a crude increase in the most mafic samples going from NW Nicaragua to Guatemala  
- 16 - 
 
CHAPTER 2 
 
 
Figure 2.4) (a-i)  MgO versus major element oxide variation diagrams for volcanic front (VF) 
and behind the volcanic front (BVF) and back-arc (BA) mafic volcanic rock samples with MgO > 
2wt%.  
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Figure 2.4 (j-r)  MgO versus select trace element variation diagrams for volcanic front (VF) and 
behind the volcanic front (BVF) and back-arc (BA) mafic volcanic rock samples with MgO > 2wt%.  
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(Figure 2.4 f-r). The most mafic BVF and BA samples generally extend to lower Sc and 
V but to higher Rb, Nb and the LREE (Figure 2.4 f-r). 
 On primitive normal (N) MORB normalized multi-element diagrams (Figure 2.5a-
d), all samples display enrichment in fluid-mobile large-ion-lithophile elements (LILE; 
e.g. Ba, K, Pb, Sr) and U, relative to high field strength elements (HFSE; e.g. Nb, Ta, Zr, 
Hf, Ti) and light rare earth elements (LREE; e.g. La, Ce, Nd) reflecting typical 
subduction-related trace element abundance patterns (e.g. Arculus, 1994; Pearce, 
1995).  
 
 
Figure 2.5: Primitive N-MORB normalized (after Sun and McDonough, 1989) multi-element diagram 
of selected volcanic front (VF) samples (MgO > 2wt %) from Guatemala, El Salvador, Honduras 
and Nicaragua. The complete range of Central American Arc lava compositions from this study is 
indicated by underlying grey field, including VF and BVF samples. Colored fields mark BVF 
sample compositions for respective countries (5a-c). The yellow field (5c) for the Honduras behind 
the volcanic front (BVF) contains samples from El Tigre to Tegucigalpa. Data for average E-MORB 
(bold red line) and OIB (bold blue line) compositions after Sun and McDonough (1989).  
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 Systematic variations in trace element compositions and ratios are observed 
along the volcanic front and between VF, BVF and BA samples. Ratios of fluid mobile to 
less fluid mobile trace elements (e.g. Ba/La, U/Th, Ba/Th and to a lesser degree Sr/Ce, 
e.g. Figure 2.6) vary systematically along the volcanic front decreasing from NW 
Nicaragua to NW Guatemala, consistent with the results of previous studies (e.g. Carr 
et al., 1990, 2003, 2007; Patino et al., 2000, Sadofsky et al., 2008). BVF and BA 
samples generally extend to lower fluid mobile to fluid immobile element ratios than 
associated VF volcanoes lavas with Lake Yojoa and Utila Island rocks extending to the 
the lowest ratios (Figure 2.6a, b and d). Ratios of more to less incompatible rare earth 
elements (REE) elements (e.g. La/Yb; Figure 6c) generally increase from Nicaragua to 
Guatemala, reflecting both generally lower heavy (H) REE and higher LREE contents 
(steeper negative REE patterns) in the Guatemalan lavas (e.g. Figure 2.5). In general 
BVF and BA samples have higher LREE/HREE ratios than VF samples along transects 
perpendicular to the trench and VF. BVF samples have higher HFSE and REE contents 
than related VF samples with similar MgO contents. 
2.4.2 Sr-Nd-Pb-Hf isotopes 
 The Sr-Nd-Pb-Hf isotope data is presented in Table 2.2. Although 87Sr/ 86Sr 
isotopic composition doesn’t show a clear systematic variation along the VF, there is a 
broad decrease from NW Nicaragua to central El Salvador (excluding one sample) and 
then an overall increase from NW El Salvador to Guatemala (Figure 2.7), similar to what 
has been observed previously (e.g. Carr et al., 2003). On the other hand, the 143Nd/ 
144Nd and 176Hf/ 177Hf show a systematic decrease and Pb isotope ratios a systematic 
increase along the VF from NW Nicaragua through Guatemala (e.g. Figure 2.7). BVF 
samples have similar or lower Sr, Nd and Hf, but higher Pb isotope ratios 
thanassociated VF samples. BA samples in Honduras have depleted Sr, Nd, Pb isotopic 
compositions that fall within the field for Cocos Plate oceanic crust but slightly lower 
176Hf/177Hf. They have distinct endmember compositions on the Sr vs Nd, Pb vs Pb, and 
Nd vs Hf isotope correlation diagrams. The samples from the BA also have the least  
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Figure 2.6 Distance along the volcanic front versus selected trace element ratios of fluid 
mobile to immobile elements for mafic northwestern CAVA volcanic rock samples from the VF, 
BVF and the BA. Distance in kilometer is calculated from Tacana Volcano near the Guatemalan-
Mexican border. Horizontal grey bars indicate typical trace element ratio values for mid-ocean-
ridge basalts (MORB), ocean-island basalts OIB and Cocos Plate sediments (consisting of 
hemipelagic and carbonate sediments) after Hofmann (1988), Sun & McDonough (1989) and Plank 
and Langmuir (1998).  
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Figure 2.7 Distance along the volcanic front versus 143Nd/144Nd, 176Hf/177Hf, 87Sr/86Sr and 
206Pb/204Pb for mafic (MgO > 2 wt %) Central American volcanic samples. Corresponding 
countries are located on top of the diagrams. Solid symbols represent volcanic front and open 
symbols behind the volcanic front samples respectively. the geochemistry of selected samples 
generally vary systematically along the volcanic front and to a lesser extent into the back arc, 
ranging between depleted MORB/ upper mantle-like isotopic ratios to more enriched isotopic 
compositions (with the exception of Sr isotopes, which show no systematic variation along the 
volcanic arc). Grayish fields define the volcanic front array. MORB field includes data from DSDP 
Leg 67 (offshore Guatemala) after Geldmacher et al., (2008), seamount offshore Nicaragua (SO144-
1; Werner et al., 2003), IODP site 1256 MORB (Sadofsky et al., 2008b) and this study. All errors are 
reported as 2 sigma of the mean. 
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radiogenic 87Sr/86Sr and most radiogenic 206Pb/204Pb isotope ratios for all NW Central 
American subduction-related lavas. 
 On an 87Sr/ 86Sr vs. 143Nd/ 144Nd isotope correlation diagram (Figure 2.8) for NW 
Central American volcanics, BVF and BA samples form a crude negative correlation, 
extending from the MORB field (Honduras BA samples) towards an enriched 
component with radiogenic Sr and unradiogenic Nd, characterized by BVF samples 
from Honduras and Guatemala. The VF samples form a crudely vertical array on this 
diagram. The Guatemala VF samples overlap the BVF/BA array, but the VF samples 
from El Salvador and NW Nicaragua plot to the right of the BVF/BA array, having more 
radiogenic Sr isotope ratios for a given Nd isotopic composition. The Pb isotope data 
from the NW Central American VF samples form good positive correlations with r2 = 
0.77 on the uranogenic Pb isotope diagram (Figure 2.9) and r2 = 0.93 on the thorogenic 
Pb isotope diagram, respectively (not shown here). On both Pb isotope diagrams, the 
array extends from the composition of the crust subducting outboard of Nicaragua, as 
characterized by the composition of a bend-faulted seamount (Werner et al., 2003), into 
the Cocos Plate sediment field. With the exception of BA samples from Utila, Honduras, 
the BVF samples overlap the VF trend, extending to compositions with slightly more 
radiogenic Pb. On Pb vs. Nd and Hf isotope diagrams, NW Central American VF 
samples form negative correlations (with r2 of 0.67 to 0.78 respectively), illustrating 
coupling between Pb and Nd and Pb and Hf isotopic systems (Figure 2.10).  
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Figure 2.8 Sr-Nd isotope diagram for NW Central American volcanics, with VF samples 
generally forming a crudely positive to vertical array, whereas BVF samples form a negative array. 
Pacific MORB (after Stracke et al., 2005; Sadofsky et al., 2008b; Geldmacher et al., 2008; and this 
study), Cocos Plate Sediments (Feigenson et al., 2004; Sadofsky et al., 2008b; Geldmacher et al., 
2008; and this study) and Chiquimula Pluton (after Feigenson et al., 2004) mark potential source 
component compositions. Black arrow labeled slab fluids indicates Sr isotope enrichment of 
Nicaraguan samples by slab fluids derived from subducted sediments and seawater-altered 
oceanic crust, and possibly serpentinite. The black curve represents a binary mixing line between 
outboard NW Nicaragua subducting crust (Werner et al., 2003) and an average Chiquimula Pluton 
(Feigenson et al., 2004; and this study). Tick marks indicate the amount of granitic pluton 
assimilated in melt from the mantle wedge without a slab melt component. All errors are reported 
as 2 sigma of the mean.  
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Figure 2.9 Lead isotopic correlation diagram for Central American volcanic rock samples. 
Northwestern CAVA samples form good linear correlations with r2 = 0.77 (y = 0.2493x + 10.908) on 
the uranogenic Pb isotope diagram for the VF samples and r2 = 0.86 (y = 0.2875x + 10.201) for VF 
and BVF samples, excluding back-arc samples from Yojoa and Utila. The Nicaraguan VF samples 
have the least radiogenic Pb isotopic compositions and overlap with the field for the Cocos Plate. 
The Guatemalan VF samples and the Guatemala and Honduras BVF samples have the most 
radiogenic Pb isotopic compositions and overlap the fields for subducting Cocos Plate sediments 
and Guatemala granitic crust. Subducting crust offshore NW Nicaragua after Werner et al. (2003). 
Data for Chiquimula Pluton after Feigenson et al. (2004). All errors are reported as 2 sigma of the 
mean. Fields for Costa Rica VF and Seamount Provinces (after Hoernle et al., 2008) indicate that 
these components cannot generate the observed data array.  
- 25 - 
 
CHAPTER 2 
 
 
 
Figure 2.10 (a-d). Lead vs. Nd and Hf isotope correlation diagrams for NW CAVA volcanics with 
MgO>2%. All samples form negative correlations, ranging from 0.67 to 0.78 for R2 (bold black 
lines), providing evidence that the Pb isotopic composition are coupled with variations in Nd and 
Hf isotopic composition. In addition, the Pb vs. Hf isotope correlation diagrams clearly rule out 
Cocos Plate sediments and enriched OIB-type Guatemalan forearc (Geldmacher et al., 2008) as the 
enriched endmember for NW Central American volcanism, i.e. Guatemalan VF and Guatemalan 
and Honduras BVF volcanism. Granitic Guatemalan basement sample G3 however has the 
appropriate isotopic composition to serve as the enriched endmember. Fields for Cocos Plate 
Sediments and Oceanic Crust are supplemented by DSDP Leg 67 sample data (offshore 
Guatemala). Grey oval field indicates Cocos Plate crust subducting offshore NW-Nicaragua (after 
Hoernle et al., 2008). Additional data from Werner et al. (2003), Feigenson et al. (2004) and 
Geldmacher et al. (2008). All errors are reported as 2 sigma of the mean.  
 
 On the εNd vs. εHf diagram (Figure 2.11), the NW Central American volcanic 
rocks (VF/BVF/BA) form a good positive correlation (r2 = 0.89; VF alone has r2 = 0.98, 
VF/BVF have r2 = 0.94 and BVF/BA have r2 = 0.78). The BVF/BA samples largely 
overlap with the VF trend but some samples from Guatemala and especially from 
Honduras fall below the array with the BA samples deviating the most from the array.It 
is clear from the Pb vs. Hf and the εNd vs. εHf isotope diagrams that the Cocos Plate 
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sediments cannot serve as the enriched endmember for the VF and the BVF samples. 
Granitic sample G3 from the Guatemala basement, on the other hand, falls on the 
enriched end of an extension of the NW Central American array.  
 
 
Figure 2.11 eNd versus eHf diagram for Central American volcanic rock samples. Combined VF 
and BVF samples from the northwestern Central American volcanic arc form a very good positive 
linear correlation (R2 = 0.8938). Excluding the BA samples, the positive trend can be defined by 
two components (SO144-1 depleted MORB-type composition and G3 enriched type composition) 
with Nicaraguan samples having the most Pacific MORB-like compositions and Guatemalan 
samples trending towards an enriched component.  Included are binary mixing lines between a 
Pacific MORB-like component and several selected source components (e.g. Guatemalan 
metamorphic basement, Cocos Plate sediments). Diagram modified after Geldmacher et al. (2003) 
with additional fields for Guatemala Basement, Cocos Plate Sediments (DSDP Leg67 offshore 
Guatemala) and Guatemala forearc basement (Geldmacher et al., 2008).  
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2.5 Discussion  
As is illustrated on the 87Sr/86Sr vs. 143Nd/144Nd isotope correlation diagram 
(Figure 2.8), Quaternary volcanism in NW Central America can be divided into three 
endmember compositional groups: 1) Volcanic rocks from the NW Nicaragua VF are 
characterized by high FeOt, CaO, MnO, Sc, V, Ba/La, Ba/Th, Ba/Nb, U/Th, Sr/Ce, 
87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf, but low SiO2, TiO2, Na2O, P2O5, K2O, Pb, Sr, Nb, 
Ta, LREE, La/Yb, Sm/Yb, Zr/Hf and Pb isotope ratios. Differences in major elements 
are relative to a specific MgO content. Isotopically these rocks represent a depleted 
endmember in the Central American system, which however display enrichment in 
87Sr/86Sr compared to Pacific MORB. 2) Volcanic rocks from the Guatemalan VF and 
from BVF centers are characterized by generally higher SiO2, TiO2, Na2O, P2O5, K2O, 
Pb, Sr, Nb, Ta, LREE, La/Yb, Sm/Yb, Zr/Hf and Pb isotope ratios but lower FeOt, CaO, 
MnO, Sc, V, Ba/La, Ba/Th, Ba/Nb, U/Th, Sr/Ce, 143Nd/144Nd and 176Hf/177Hf, 
representing an isotopically enriched endmember with enrichments in fluid mobile 
elements and Sr isotopic composition. 3) Volcanic rocks from the BA (Yojoa in 
Honduras and Utila Island in the Caribbean) are characterized by high to the highest 
TiO2, Na2O, P2O5, K2O, moderately to highly incompatible trace element abundances 
(except Pb), ratios of more to less incompatible elements (e.g. La/Yb and La/Sm, 
Sm/Yb), Zr/Hf, 143Nd/144Nd and 206Pb/204Pb, but low to the lowest SiO2, CaO, fluid-
mobile to less-fluid-mobile element ratios, e.g. Ba/La, Ba/Th, Ba/Nb, U/Th, Sr/Ce, 
87Sr/86Sr, 207Pb/204Pb and 208Pb/204Pb, also representing a depleted endmember 
isotopically, similar in composition to Pacific MORB. 
 The incompatible element geochemistry of the Quaternary VF and BVF rocks in 
NW Central America clearly indicate a subduction zone affinity for these volcanic rocks:  
relative enrichment of fluid-mobile elements, such as LILEs and Pb (which form peaks 
on multi-element diagrams, (Figure 2.5), and relative depletion of HFSE, such as Nb, Ta 
and Ti (which form troughs on multi-element diagrams), and generally high fluid-mobile 
to less fluid-mobile elements above those commonly found in MORB and OIB, e.g. 
Ba/La, Ba/Th, Ba/Nb, U/Th and Sr/Ce. The good correlations between Pb, Nd and Hf 
isotope ratios further suggest that the geochemistry of these volcanic rocks are largely 
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controlled by two endmembers as defined above. The incompatible element 
geochemistry of the BA volcanic rocks, however, is characteristic of intraplate or OIB-
type volcanism, i.e. enrichment in moderately to highly incompatible elements with 
relative enrichment (peak on multi-element diagram; Figure 2.5c) in Nb and Ta and 
relative depletion (trough; Figure 2.5c) in Pb. Below we will discuss the origin of these 
three endmember compositions in Quaternary NW Central American volcanism. 
2.5.1 NW Nicaragua VF Endmember 
 The high FeOt but low SiO2 of the Nicaraguan rocks is likely to reflect deeper 
average depths of peridotite melting beneath Nicaragua than other parts of the Central 
American arc (Figure 2.2), due to the deeper depth of the slab beneath Nicaragua than 
beneath the rest of the Central American VF (Sadofsky et al., 2008). The thinner crust 
and deeper slab depth also imply that the longest mantle melting column is located 
beneath Nicaragua. A long melting column will favor large extents of melting and 
dilution of incompatible elements (e.g. Ti, Na, P, K, Pb, Sr, Nb, Ta, LREE) and more to 
less incompatible element ratios (e.g. La/Yb, La/Sm) during melting. 
 High ratios of fluid-mobile to less-fluid-mobile incompatible elements, e.g. Ba/La, 
Ba/Th, Ba/Nb, U/Th and Sr/Ce, are consistent with the highest flux of subducting slab-
derived fluids being added to the mantle wedge beneath Nicaragua (e.g. Carr et al., 
1990; Leeman et al., 1994; Patino et al., 2000; Abers and Plank, 2003; Eiler et al., 2005; 
Sadofsky et al., 2008). It has been shown that outer-rise faulting, related to the bending 
of the plate, outboard of NW Central America extends into the upper mantle (Ranero et 
al., 2003) and that the upper mantle in the bend-faulted areas has lower seismic 
velocities than the upper mantle further to the west, consistent with hydration and 
serpentinization of the uppermost lithospheric mantle, to a depth of ~4km (Grevemeyer 
et al., 2007; Ivandic et al., 2008). Although bend-faulting has been mapped along the 
Cocos Plate outboard of the entire NW Central America (Nicaragua to Guatemala), the 
steeper subducting angle results in the subducting slab being at the deepest depths 
beneath the Nicaraguan VF, placing the upper mantle of the down-going plate within the 
zone of serpentinite dehydration (Figure 2.2). Due to the shallower subduction angle 
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and shallower depths to the subducting plate to the north, the amount of serpentinite 
dehydration beneath the VF will decrease to the NW beneath El Salvador and 
Guatemala. The lowest δ18O, well below typical mantle values, in olivine phenocrysts 
from Nicaragua are consistent with a greater flux of hydrous fluids from hydrothermally-
altered lower oceanic crust and upper mantle serpentinite (Eiler et al., 2005). Greater 
fluid flux beneath Nicaragua will also enhance the degree of melting, contributing to the 
dilution of Na and other incompatible elements at a given MgO content (e.g. Eiler et al., 
2005).  
 Considering the elements for which isotope data is available, Pb generally is the 
most fluid-mobile in subduction systems, followed by Sr, whereas Nd and Hf are 
considered to be relatively fluid-immobile (e.g. Pearce et al., 2007). If the highest fluid 
flux occurs beneath Nicaragua (e.g. Carr et al., 1990, 2003; Patino et al., 2000; Rüpke 
et al., 2002; Eiler et al., 2005; Sadofsky et al., 2008), then the Pb and Sr isotope ratios 
of Nicaraguan volcanic rocks will be dominated by the subduction input (slab signal), 
whereas Nd and Hf should provide information about the composition of the mantle 
wedge. Assuming that the mantle wedge beneath Nicaragua has a composition similar 
to N-MORB (e.g. Gazel et al., 2009), we compare the average concentrations of Nb, Ta, 
Pb, Sr, Nd and Hf of the two most mafic Nicaragua VF samples (with MgO 10.03 and 
8.46) with average N-MORB of Sun and McDonough (1989). Since MgO is similar for 
average N-MORB of Sun and McDonough (1989) and the two Nicaraguan VF samples, 
the 2.5 times lower Nb, Ta and Hf of the Nicaraguan VF rocks indicates derivation 
through higher degrees of melting (up to 2.5 times higher) and/or derivation from a more 
depleted source, possibly through multiple episodes of melt extraction. The Nd 
concentration of the Nicaragua VF rocks is only 1.4 times lower than in MORB, possibly 
suggesting an increase in the Nd concentration of the Nicaragua VF melts by as much 
as 75% from a slab component (hydrous fluid and/or melt).  In contrast, Sr shows an 
increase compared to MORB of ~4.2 times and Pb of ~4.7 times. Assuming 2.5 times 
higher degrees of melting to form the Nicaragua VF melts than average N-MORB, then 
the enrichment from a slab component could be as much as 6.7 times enrichment for Sr 
and 7.2 times enrichment for Pb through the addition of a slab component. Therefore 
the relative enrichment increasing from Hf to Nd to Sr to Pb is consistent with increasing 
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fluid mobility being the major factor controlling the abundance and thus isotopic 
composition of these elements in the Nicaraguan VF volcanic rocks. In conclusion, the 
Hf and Nd isotopic composition should primarily reflect the composition of the mantle 
wedge, whereas the Sr and Pb isotopic compositions should primarily reflect the 
composition of the slab fluid (and/or hydrous melt). 
 We now review the isotope data in order of increasing fluid mobility to better 
constrain the sources involved in generating the Nicaraguan VF melts. The NW 
Nicaraguan volcanic rocks have high 143Nd/144Nd and 176Hf/177Hf ratios, falling within the 
range observed in Pacific MORB (Figure 2.11). Considering that both Nd and Hf are 
relatively fluid-immobile, the Nd and Hf isotopic compositions are consistent with the 
mantle wedge beneath Nicaragua having a MORB-like composition. Since Nd and Hf 
from the subducting oceanic crust will have similar Nd and Hf isotopic compositions, we 
cannot rule out a contribution from slab Nd and Hf. A contribution from sediments in the 
form of a hydrous fluid and/or melt (e.g. Gazel et al., 2009), on the other hand, would 
have caused a decrease in both Nd and Hf isotopic composition. Therefore the Nd and 
Hf isotopic ratios of the Nicaraguan melts represent minimum values for the mantle 
wedge.  
 On the Sr vs. Nd isotope correlation diagram, the BVF/BA samples form a 
positive array, extending the Pacific MORB field to more radiogenic Sr and less 
radiogenic Nd. The BVF/BA array overlaps and is subparallel to the Sr/Nd isotope 
mantle array. The Nicaraguan samples show the greatest horizontal deviation, i.e. 
enrichment in 87Sr/86Sr, from the BVF/BA (or mantle) array and the amount of 
deviation/enrichment decreases along the VF to Guatemala. The deviation from the 
best fit line through the BVF/BA array, i.e. difference in 87Sr/86Sr ratio between sample 
and point on the best-fit line with the same 143Nd/144Nd isotope ratio (Δ87Sr/86Sr = 
87Sr/86Sr(sample) - ((143Nd/144Nd (sample) - 0.6227)/ -0.156) * 1000) forms good positive 
correlations with ratios of more to less fluid-mobile elements such as Ba/Th, U/Th, 
Ba/Nb and Ba/La (see e.g. Figure 12 a and c). These correlations are consistent with  
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Figure 2.12 (a-d) Fluid flux variation diagram using Δ87Sr/86Sr vs. selected fluid-mobile to 
less-fluid-mobile element ratios from Central American volcanic rock samples from the volcanic 
front. The ∆87Sr/86Sr value is based on the horizontal deviation from a best-fit line through the 
BVF/BA (or mantle) array on the Sr vs. Nd isotope correlation diagram (Figure 8).  
 
Δ87Sr/86Sr reflecting the magnitude of the hydrous fluid/melt flux from the slab, which 
determines the degree of decoupling of Sr from Nd and Hf isotope ratios, with Sr being 
derived from a combination of subducted sediments, seawater-altered oceanic crust 
and sea-water serpentinized upper lithospheric mantle of the incoming slab. Inverse 
correlations of Δ87Sr/86Sr with La/Yb and Zr/Hf ratios are likely to reflect differences in 
degree of melting and source depletion/enrichment (see Figure 2.12 b and d). 
Compared to the chondritic ratio of 34.3 +/- 0.3 (Münker et al., 2003), the Nicaraguan 
magmas exend to lower Zr/Hf, reflecting possible source depletion through repeated 
melting and melt extraction events, and the Honduras, El Salvador and Guatemala 
lavas to higher Zr/Hf, possibly reflecting source enrichment by small degree melts. 
Therefore the mantle beneath the Nicaragua VF appears to have undergone high 
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degrees of melt extraction and source depletion, whereas the Guatemalan VF have 
undergone lower extents of melting and possible source enrichment as is also 
consistent with the Nd and Hf isotopic data. 
 The NW Nicaraguan samples have the least radiogenic Pb isotopic 
compositions, which are very similar to the incoming oceanic crust, defined by a small 
seamount outboard of NW Nicaragua (Hoernle et al., 2008). This similarity in 
composition indicates that Pb from the subducting oceanic crust and small amounts of 
subducting sediments (<1%; Gazel et al., 2009) dominates the Pb isotopic composition 
of the NW Nicaraguan VF lavas. Considering the highly fluid-mobile behavior of Pb in 
subduction systems and the high fluid flux to the subarc mantle beneath the Nicaraguan 
VF, it is not surprising that the subduction input completely dominates the Pb isotopic 
composition. 
 In conclusion, the incompatible element and Sr-Nd-Pb-Hf isotope geochemistry 
of the NW Nicaragua lavas appears to be dominated by a largely serpentinite-derived 
fluid flux from the subducting slab, possibly with small amounts (<1 wt.%) of sediment 
melts, to a depleted N-MORB type of mantle wedge, resulting in large extents of melting 
of primarily peridotitic material. 
2.5.2 Guatemala VF and general BVF Endmember 
 Generally lower FeOt and higher SiO2 contents in the Guatemala VF and the 
Guatemala, El Salvador and Honduras BVF lavas (henceforth referred to as the 
Guatemala endmember) could reflect shallower average melting depths for Guatemala 
than for Nicaragua VF lavas (see Figure 2.2). Although the thickness of the lithospheric 
mantle beneath northwestern Central America is not well-constrained, it is clear from 
the much greater depth to the surface of the slab beneath Nicaragua that lithospheric 
mantle melting will play a more important relative role beneath the northwesternmost 
part of the Central American arc (Guatemala) than beneath Nicaragua (see Figure 2.2). 
The generally lower CaO, MnO, Sc and V and possibly in part the higher SiO2 in the 
most mafic Guatemala endmember samples with similar MgO to the Nicaragua VF 
samples could possibly reflect a greater proportion of pyroxenite contributing to these 
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melts (e.g. Herzberg and Asimov, 2008), which could also help explain the substantially 
higher Zr/Hf (up to 52) compared to both the chondritic value (~34) and those of the 
Nicaraguan lavas in the Guatemala endmember and BA samples (Pertermann et al., 
2004). Higher mantle-normalized (Sm/Yb)n ratios (1.5-2.6) than in the Nicaragua VF 
lavas (1.2-1.7) suggests that there is more residual garnet in the Guatemala 
endmember source. 
The higher abundances of most incompatible elements, including higher Na6 
(Eiler et al., 2005), and higher ratios of more incompatible to less incompatible elements 
(e.g. La/Yb, La/Sm) could reflect lower degrees of melting and/or a more enriched 
source for the Guatemala enriched endmember. Lower degrees of melting are also 
consistent with a lower fluid flux towards the NW, due to the shallower angle of 
subduction beneath El Salvador, Honduras and Guatemala as is suggested by lower 
fluid-mobile to less-fluid-mobile element ratios (e.g. Ba/La, U/Th, Ba/Th, Ba/Nb, Sr/Ce) 
and Δ87Sr/86Sr. The decreasing thickness of the mantle wedge (i.e. decreasing potential 
length of the mantle melting column; Figure 2.2) will also favor lower degrees of melting 
to the NW. In the absence of increased slab melting beneath the aforementioned areas, 
a lower fluid flux implies that Sr and Pb  isotope ratios may also provide information 
about the composition of the mantle wedge (and possibly overlying crust), similar to Nd 
and Hf isotopic compositions and not only or preferentially about the subduction input. 
The enriched Sr, Nd, Hf and Pb isotopic composition of the Guatemala 
endmember is not consistent with a major contribution from the subducting plate 
(sampled at DSDP Site 495) or older accreted arc complexes eroded from the 
Guatemala forearc by the subduction process (sampled at DSDP Sites 499 and 567) 
(Geldmacher et al. 2008). The Pb vs. Hf (Figure 2.10) and Nd vs. Hf (Figure 2.11) 
isotope correlation diagrams rule out subducting Cocos Plate sediments as the enriched 
Guatemala endmember, primarily because the Hf isotopic compositions are not low 
enough to serve as this endmember. On the other hand, enriched accreted OIB-type 
terranes in the forearc can be ruled out as the enriched Guatemala endmember, 
because their Nd and Hf isotopic ratios are too high (Figure 2.10 and 2.12). Therefore 
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the subduction input (subducting plate and eroded forearc material) cannot explain the 
combined Sr-Nd-Pb-Hf isotopic systematics of the enriched Guatemalan endmember. 
It has previously been suggested that Guatemalan volcanic rocks may have been 
crustally contaminated (e.g. Carr et al., 1990, 2003; Walker et al., 1995, 2007, 2009; 
Patino et al. 2000; Cameron et al., 2002; Feigenson et al., 2004)  and therefore we now 
review whether the basement samples from this and other studies could serve as the 
possible enriched endmember. To begin with, we will consider dioritic to granodioritic 
basement samples from the Las Ovejas and Santa Maria areas respectively. Sample 
Chor 8A from Las Ovejas is too depleted in Sr and Nd isotopic composition to serve as 
the enriched endmember. Sample P12 from the Las Ovejas area has appropriate Sr 
and Nd isotopic composition, plotting slightly below the most enriched VF and BVF 
samples from Guatemala and Honduras (Figure 2.7), but the 207Pb/204Pb isotope ratio 
for this sample is too high to serve as the enriched endmember on the uranogenic Pb 
isotope diagram. In addition, the Zr/Hf ratios (17-19) of both Las Ovejas samples are too 
low. The basement samples from the Santa Maria Volcano don’t serve as appropriate 
endmembers either, because their Nd is too radiogenic, Pb not radiogenic enough and 
the Zr/Hf is again too low (13-25). 
Phyllite samples from the metamorphic Chortis Block basement behind the VF in 
Guatemala have very radiogenic Sr and Pb and unradiogenic Nd and thus could serve 
as the enriched endmember in these isotopic systems (data from this study and 
Feigenson et al., 2004). This basement, however, can be ruled out, because it plots 
above the mantle array on the εNd vs. εHf diagram. The northwestern Central American 
VF and BVF rocks, however, form a positive correlation below the Nd-Hf mantle array, 
which has a slightly steeper slope than the mantle array and thus projects to an 
enriched component beneath the mantle array. Furthermore, mixing between the 
sample with the most radiogenic Nd and Hf from the Nicaraguan VF with the 
Guatemalan metamorphic basement forms a convex (or concave down) mixing curve, 
which does not go through the NW Central American data array (see Figure 2.11). The 
Zr/Hf ratios of these samples are also too low (27-28) to serve as the enriched 
endmember. Granodioritic to granitic rocks from the Maya Block, on the other side of 
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the plate boundary from the NW Central American arc rocks, do not have appropriate 
Nd-Hf and Pb isotopic compositions (Table 2.2), and their Zr/Hf ratios (17-24) are also 
too low to serve as the enriched endmember, not to mention the difficulty of getting this 
material across the plate boundary to the source of the subduction-zone volcanism on 
the Chortis Block. 
Interestingly, only granitic sample G3 from the Chiquimula Intrusive Complex 
behind the Guatemalan VF on the Chortis Block has a Sr-Nd-Pb-Hf isotopic composition 
that could serve as the enriched endmember. Chiquimula samples G1 (granite) and G2 
(granodiorite) also have appropriate Sr-Nd-Pb isotopic compositions (Feigenson et al., 
2004), but no Hf isotope exists for these samples. Nevertheless, in order to model a 
mixing curve in the Sr and Nd isotope system from the most depleted BA sample (or the 
composition of the subducting crust, as indicated by sample SO144-1 from Werner et 
al., 2003) to G3 that goes through the BVF/BA array and the Guatemala VF samples 
requires a significantly lower Sr/Nd ratio than measured in the Chiquimula samples. In 
addition, up to ~45 wt. % assimilation is required to generate the Sr and Nd isotopic 
compositions of the most enriched BVF/VF samples. Such large amounts of 
assimilation are not only unrealistic based on thermal considerations, but also are not 
consistent with a basaltic major element composition for these samples rather than a 
granitic composition. In addition, the oxygen isotope data for the Guatemala VF and the 
BVF rocks does not allow such a large contribution from granitic rocks, assuming δ18O 
values for the granitic basement based on comparison with data for similar types of 
granites from other areas (Eiler et al., 2005). Finally, the Zr/Hf ratio (27) is also too low 
for the enriched endmember. In conclusion, although granitic sample G3 has the 
appropriate Sr-Nd-Pb-Hf isotopic composition to serve as the enriched endmember for 
northwestern Central America, it does not have an appropriate major and trace element 
composition to serve as the enriched Guatemalan endmember. 
Since the Chiquimula granitic sample (G3) has the appropriate Sr-Nd-Pb-Hf 
isotopic composition to serve as the enriched endmember, further consideration of this 
pluton, however, could provide insights into the enriched Guatemala endmember. The 
Chiquimula plutonic complex consists primarily of gabbro, diorite, granodiorite (~95% by 
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volume), which yield a whole-rock Rb/Sr age of 50 ± 9 Ma and an initial 87Sr/86Sr of 
~0.706 (Clemons and Long, 1971), close to the value measured for sample G1 of 
0.705960 (Feigenson et al, 2004). On the other hand, a biotite whole-rock Rb/Sr 
isochron from a granitic sample produced an age of 95 ± 1 Ma (two sigma), whereas a 
K/Ar age of 84 Ma was obtained on “the same material” (Clemons and Long, 1971). 
Assuming an initial 87Sr/86Sr of 0.706, we get an age of 9.5 Ma for granitic sample G3 
using the Rb and Sr concentrations measured by ICP-MS, which generates a very high 
87Rb/86Sr ratio of 9.56. Assuming an age of 50 Ma, the initial 87Sr/86Sr of 0.70050 is 
clearly too low. Alternatively, assuming an initial identical to the BVF sample with the 
most radiogenic Sr (0.70415), yields and age of 23 Ma. Therefore, either the G3 granite 
is relatively young (≤23 Ma), or the sample has not served as a closed system for Rb 
and/or Sr, both highly mobile elements during weathering, since the formation of the 
granite. Although the Rb-Sr system is very sensitive to age corrections for sample G3, 
corrections for radiogenic ingrowth for the other isotopic systems are relatively minor, 
even if an age of 50 Ma is assumed. The above discussion serves to illustrate that 
radiogenic ingrowth of 87Sr has played an important role in the evolution of Chiquimula 
Pluton, and until we have reliable age data for each sample, we will not be able to 
determine the initial 87Sr/86Sr ratios. The measured 87Sr/86Sr ratios of the samples 
(0.70596-0.70729), however, represent maximum initial values and thus maximum 
source ratios. On the other hand, assuming that parent-daughter ratios for the Sm-Nd, 
Lu-Hf and (U-Th)/Pb systems, which are low in the samples, were not substantially 
higher in the source of the Chiquimula Pluton, the Nd, Hf and Pb isotopic compositions 
could reflect the source composition. 
As discussed above, the present subduction input can be ruled out as the source 
of the Quaternary northwestern Central American enriched endmember. As is illustrated 
by the Chiquimula plutonic rocks, an enriched component, with an isotopic composition 
appropriate for the enriched Guatemala endmember, is present within the overriding 
plate in NW Central America.  These granitic crustal rocks, however, do not have the 
appropriate major and trace element compositions to serve as the enriched 
endmember. Therefore we favor a lithospheric mantle origin for the enriched 
component. In accordance with the major and trace element data supporting the 
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involvement of pyroxenite-derived melts in the generation of the Quaternary Guatemala 
VF and the BVF volcanic rocks, we propose that the parental magmas for the 
Chiquimula Pluton, and most likely other plutonic rocks in NW Central America, either 
froze and formed eclogties or crystallized pyroxenitic cumulates in the lithospheric 
mantle (and possibly lower crust). A relatively low fluid flux from the subducting crust, 
combined with a short mantle melting column, resulted in low degrees of melting and 
preferential sampling of the pyroxenites and eclogites formed in the mantle and lower 
crust during phases of earlier arc volcanism.  
2.5.3 Honduras BA Endmember 
The BA samples from Utila Island and Yojoa in Honduras are alkalic (hawaiitic) in 
composition with similar major element compositions to alkalic ocean island basaltic 
(OIB) rocks with similar MgO contents. These samples have the highest TiO2, K2O, 
P2O5, lowest SiO2 and similar Al2O3, FeOt, MnO, CaO contents compared to the BVF 
rocks at a given MgO content. They are comparable to the enriched Guatemala 
endmember samples, suggesting they could also be derived from a pyroxenitic source. 
The incompatible element characteristics of the BA volcanics are similar to those 
commonly observed in OIBs, with their multi-element patterns showing relative 
enrichment in Nb and Ta, relative depletion in Pb and no pronounced peaks at fluid-
mobile incompatible elements, in contrast to the VF and most BVF samples. An OIB-
type of source is also consistent with the low Ba/La, U/Th and La/Yb ratios. 
In contrast to the enriched incompatible element abundances, the Sr-Nd-Hf 
isotopic compositions of the BA samples are depleted, falling at the enriched end of the 
Pacific MORB field. The Pb isotopic composition of the Utila and La Providencia 
samples however are anomalous and fall below the VF/BVF data array on Pb isotope 
(i.e. have the highest 206Pb/ 204Pb but among the lowest 207Pb/ 204Pb and 208Pb/ 204Pb of 
all NW CAVA samples) and the Nd vs. Hf isotope diagrams. On the Pb isotope 
diagrams, these samples plot near the radiogenic end of the field for Cocos Plate 
Oceanic Crust, exhibiting relatively high 206Pb/204Pb but low 207Pb/ 204Pb and 
208Pb/204Pb. Interestingly, the samples with the highest 206Pb/204Pb but relatively low 
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207Pb/204Pb and 208Pb/204Pb from the Cocos Plate are the samples that appear to have 
gained uranium through seafloor alteration processes. Although Pb is relatively 
immobile during low temperature seafloor alteration, the elevated 206Pb results from 
radiogenic ingrowth of 206Pb by relatively recent 238U enrichment. 207Pb is derived from 
235U, which has largely been exhausted by radioactive decay since the formation of the 
Earth due to its relatively short half-life of 0.7 Ga. Due to the small amount of 235U 
relative to 238U, the 207Pb is not significantly affected by relatively recent U enrichment. 
Since 208Pb is derived from 232Th and Th is relatively immobile during seafloor alteration 
processes, the composition of 208Pb will also not be significantly affected by low 
temperature seafloor alteration. Therefore altered seafloor can evolve high 206Pb within 
relatively short time scales of 10s to 100s of millions of years, while 207Pb and 208Pb 
show relatively little ingrowth over these time scales (e.g. Thirlwall, 1997). Considering 
the OIB-like major and trace element compositions of the Utila samples but the 
relatively depleted isotopic compositions, we propose that the Utila and possibly also La 
Providencia samples (Feigenson et al., 2004) are derived from melting of young, 
recycled oceanic crust in the asthenosphere upwelling in the back-arc. 
The BVF samples show less pronounced subduction-zone incompatible element 
signatures than the VF samples, displaying less pronounced Nb and Ta troughs and 
less pronounced peaks at fluid mobile elements (and lower fluid-mobile to less-fluid-
mobile element ratios). In Honduras some of the multi-element patterns approach those 
of ocean-island-basalt (OIB) – type rocks, displaying neither an relative Nb and Ta 
depletion (a trough at these elements in the incompatible element patterns) or relative 
Pb enrichment (a peak in the patterns). Therefore the incompatible elements of the BVF 
rocks suggest that an OIB-like component, similar to that sampled at Utila and La 
Providencia, is in the mantle wedge located beneath the BVF localities also. This 
component however seems to be largely absent in the mantle beneath the VF. 
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2.6 Conclusions: 
We used major and trace elements and Sr-Nd-Pb-Hf isotopic compositions from mafic 
volcanic front (VF), behind the volcanic front (BVF) and back-arc (BA) lava and tephra 
samples from NW Nicaragua, Honduras, El Salvador and Guatemala to further 
constrain the sources for NW Central American Arc volcanism. We distinguished three 
geochemically distinct endmember components for the prevalent volcanism in NW 
Central America:  
(1) The NW Nicaragua VF endmember, characterized by high FeOt and low SiO2, 
extremely high fluid-mobile-element contents (e.g. LILE) but low N-MORB-like fluid-
immobile-element contents (e.g. REE and HFSE), enriched (high) 87Sr/86Sr ratios but 
depleted (unradiogenic) Pb and (radiogenic) Nd and Hf isotopic compositions. Based 
also on the results of other published studies, we propose that a very steep slab dip 
results in serpentinite dehydration and a high fluid flux into the asthenospheric wedge 
beneath Nicaragua, carrying high contents of fluid-mobile elements. The high fluid flux 
results in large degrees of melting in the thick mantle mantle wedge (i.e. long melting 
column), causing dilution of fluid immobile elements. The high Sr isotope ratios are 
ultimately derived from seawater that altered the crust and upper mantle (converting the 
peridotite to serpentinite) of the incoming plate and reflect the high fluid flux from 
dehydration of the serpentinite on the incoming plate. Due to the low Pb concentration 
of seawater, the elevated (compared to N-MORB) Pb in the Nicaraguan arc magmas is 
dominated by Pb leached from the subducting ocean crust by the serpentinite-derived 
fluids with minor amounts of Pb from subducting sediments and or the overriding plate. 
The high fluid flux from the subducting slab is also responsible for the elevated Pb 
concentrations, and the high Pb/Nd and Pb/Ce ratios, of the Nicaraguan lavas. The 
radiogenic Nd and Hf isotopic compositions of the Nicaraguan lavas are largely derived 
from the mantle wedge, possibly with the addition of small amounts from sediment melts 
from the subducting plate and/or the overlying lithosphere. In summary, the trace 
element and Sr-Nd-Pb-Hf isotope ratios of the Nicaraguan lavas appear to be 
dominated by a largely serpentinite-derived fluid flux from the subducting slab, possibly 
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with small amounts (<1 wt. %) of sediment melts to a depleted N-MORB type of mantle 
wedge, resulting in large degrees of melting of primarily peridotitic material. 
(2) The enriched Guatemala VF and BVF endmember, characterized by lower FeOt, 
CaO, MnO, Sc and V and higher SiO2 at a given MgO composition than in Nicaraguan 
VF lavas, high more to less incompatible element ratios, e.g. La/Yb and La/Sm, and 
Zr/Hf, and enriched Sr, Nd, Hf and Pb isotopic composition. A granitic sample from the 
Guatemala basement has an appropriate isotopic composition to serve as the enriched 
endmember, however, requires up to 80% assimilation of the granitic basement which is 
not consistent with the mafic major element and trace element compositions of the 
these lavas. We therefore propose that parental magmas for the granitic basement in 
NW Central America crystallized pyroxenitic cumulates in the lithospheric mantle (and 
possibly lower crust) that were subsequently melted during Quaternary subduction-
related volcanism to generate the enriched Guatemala endmember. The presence of 
the enriched Guatemala endmember correlates largely with the presence of continental 
crust and crustal thickness, most likely reflecting more extensive enrichment of the 
lithosphere through ancient arc volcanism where the crust is thickest.  
(3) The Honduras and Caribbean BA endmember, characterized by alkalic lavas 
with OIB-type trace element compositions and enriched (E)-MORB-type isotopic 
compositions. We propose that the BA lavas preferentially sample eclogite/pyroxenite in 
the asthenosphere upwelling in the backarc, derived from relatively young subducted 
oceanic crust in the upper mantle. 
 
Mixing between these three distinct types of magmas could generate the observed 
along- and across-arc variations in incompatible trace element and Sr-Nd-Pb-Hf isotope 
ratios.  
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Table 2.1 Major (wt%) and trace elements (ppm) and isotopic ratios of selected Central American 
Arc volcanics from Volcanic Front (VF), Behind the Volcanic Front (BVF) and Back-arc (BA) 
samples. Volcanics major and trace element data for samples marked with (*) from Sadofsky et al. 
(2008). 
Note Guatemalan basement sample GU G3K is sample G3 from Feigenson et al. (2004) 
reanalyzed for this study. 
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Table 2.2 Sr-Nd-Pb-Hf isotopic compositions for Central American Arc volcanics from 
Volcanic Front (VF), Behind the Volcanic Front (BVF) and Back-arc (BA) samples with MgO>2 wt%. 
Note Pb and Nd isotope data for Nicaraguan samples marked with (**) from Hoernle et al. (2008). 
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3.1 Abstract 
The Central American Volcanic Arc (CAVA) results from the subduction of the Cocos 
Plate beneath the Caribbean plate, with normal oceanic crust formed at the East Pacific 
Rise (EPR) subducting beneath Guatemala to northwestern Costa Rica, whereas crust 
formed at the Cocos-Nazca spreading centre (CNS) with the Galapagos hotspot track 
on it is being subducted beneath central Costa Rica to Panama. We present here a 
comprehensive new geochemical data set of major and trace element and Sr and Hf 
isotope ratios of mafic volcanic front (VF), behind the volcanic front (BVF) and back-arc 
(BA) lava and tephra samples from SW Nicaragua, Costa Rica and Panama. Our new 
geochemical data demonstrates the influence of the subducting Galapagos hotspot 
Seamount province, the subducting crust and to a lesser degree the subducting Cocos 
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and Coiba ridges on the source composition of SW CAVA lavas. 87Sr/86Sr and 
176Hf/177Hf isotopic ratios increase and 206Pb/204Pb and 207Pb/204Pb decrease 
systematically from central Costa Rica to NW Nicaragua. Though lavas from Masaya 
volcano (SW Nicaragua) form a local maximum having the highest 87Sr/86Sr (and 
176Hf/177Hf is just based on one value) isotopic ratios, probably reflect a local sediment 
component addition to their magma source. Lavas with high Nb and Nb/La from Nejapa 
volcano (Nicaragua), unradiogenic Sr and Hf isotope ratios probably represent local 
OIB-like component contributions to Nicaraguan magmas. Combined Nd and Hf isotope 
data from SW CAVA lavas also form a good linear correlation (r2 = 0.828; VF alone, VF/ 
alkali basalts/ adakites have r² = 0.6588). Combined Nd, Hf and Pb isotopic data for SW 
CAVA lavas from Nicaragua to central Costa Rica define an endmember for NW 
Nicaraguan with radiogenic Nd and Hf and unradiogenic Pb isotope ratios, represented 
by a mixture of the incoming plate (igneous and sedimentary portions) and the mantle 
wedge, and a central Costa Rican endmember with unradiogenic Nd and Hf and 
radiogenic Pb isotope ratio, represented by the subducting seamount province. Alkali 
basalt and adakite samples from southern Costa Rica and Panama with unradiogenic to 
intermediate Nd and Hf and radiogenic Pb define a third endmember, represented by 
the subducting Cocos and Coiba Ridges.  
 
3.2 Introduction  
In subduction zones an oceanic plate subducts beneath an oceanic or 
continental plate, transferring lithospheric material back into the Earth’s mantle. Fluid 
release or hydrous melts from the subducting slab cause partial melting in the overlying 
mantle wedge which results in arc volcanism. Therefore samples from arc volcanoes 
provide detailed geochemical information on various geochemically distinct source 
components contributing to the subduction-related arc volcanism (e.g. subducting plate, 
mantle wedge and overlying crust).  
The Central American Volcanic Arc (CAVA), resulting from the subduction of the 
Cocos Plate beneath the Caribbean Plate, extends for 1100 km from the Mexico-
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Guatemala border to central Costa Rica, parallel to the Middle American Trench (Figure 
1). The systematic variations of subduction parameters, such as the subduction angle, 
thickness of the subducting lithosphere and the convergence rate of the Cocos Plate, as 
well as the thickness and composition of the overriding Caribbean Plate have been 
extensively described by several authors (e.g. Carr et al., 1984, 2003; Patino et al., 
2000; Rüpke et al., 2004; Auger et al., 2006; Syracuse and Abers, 2006; Abers et al., 
2007; MacKenzie et al., 2008). The resulting number of varying subduction parameters 
and potential source components has led to a number of distinct and sometimes 
contradicting models for the generation of Central American Arc volcanism.  
Geochemical studies along the CAVA identified several geochemically distinct 
endmembers. Carr et al. (1990) argued that Sr and Nd isotopic ratios of Central 
American volcanic rocks can be explained by mixing of four components: marine 
sediments from DSDP Site 495, MORB-source mantle (DM), EMORB-source mantle 
(EM) and continental crust. Mixing between DM and less than 0.5% marine sediments 
or fluids, form a modified mantle (MM) component. Most of the calc-alkaline VF samples 
can be explained as a result of mixing between MM and EM components, which is also 
well defined in the incompatible-element data e.g. Ba/La vs. La/Yb.   
 Feigenson and Carr (1993) used inverse modeling to calculate rare earth 
element patterns of Central American lava sources. Costa Rican sources have high 
modal garnet content and moderate-to-strong light rare earth element (LREE) 
enrichment, whereas Nicaraguan sources are defined by a slight LREE depletion and 
little to no modal garnet in the residuum. They propose a broadly homogeneous but 
locally heterogeneous mantle wedge which could contain relatively enriched small-sized 
garnet-bearing veins surrounded by an isotopically depleted mantle peridotite matrix. 
Melting of distinct sources can be explained by the varying dip of the subducting 
lithosphere beneath the volcanic arc, which causes varying amounts of flux melting 
beneath the different arc segments.        
 Leeman et al. (1994, 1996) showed systematic along-arc variations in B/La ratio 
and strong correlations between B/La and 10Be/9Be ratios. Based on low B/La and 10Be 
values for the Costa Rican lavas and a low subduction angle of the Cocos Ridge off 
Costa Rica, they deduced a minimal subduction contribution to arc magma sources 
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below Costa Rica.           
 Chan et al. (1999, 2000, 2002) used lithium concentrations and isotopic 
compositions and their strong correlations with other fluid-mobile elements from basaltic 
Central American Volcanic Arc lavas (e.g. B, 10Be, U, 87Sr/86Sr, LILE) to demonstrate a 
subduction-related modification of the subarc mantle beneath Nicaragua to Costa Rica 
from slab-derived fluids. Both mantle endmembers from Nicaragua and Costa Rica 
have MORB-like δ6Li values (-4.5‰). They estimated slab fluids with low δ6Li  values ( -
8‰ to -10‰), which overlapping with altered oceanic crust and marine sediment 
compositions, and imply small additions of these fluids from these sources to depleted 
or enriched mantle sources could explain Li and Sr isotopic systematics in the CAVA 
magmas.           
 Patino et al. (2000) showed that ratios of more to less fluid mobile trace elements 
(e.g. Ba/La and U/Th) reflect the flux of hydrous fluids from the subducting Cocos plate 
the mantle wedge. The highest flux is beneath the volcanic front of NW Nicaragua and 
decrease to northern Costa Rica, both along the volcanic front and into the back arc.
 Abratis and Wörner (2001) used geochronological, trace element and Pb isotope 
data of adakitic and alkalic backarc lavas from southern central Costa Rican back-arc to 
demonstrate that the enriched OIB-type Costa Rican lavas originate from OIB-type 
asthenospheric mantle derived from the Galapagos plume. They proposed that a slab-
window in the subducting lithosphere allowed the flux of Pacific asthenosphere into the 
mantle wedge beneath central Costa Rica. An age progression and isotopic signatures 
of Holocene Central American arc volcanics to the north suggest that the flow in the 
upper mantle beneath Costa Rica migrates northward at a rate of 40 mm/yr. 
 Feigenson et al. (2004) showed that Central Costa Rica volcanic front and back-
arc lavas have Sr-Nd-Pb isotope data overlapping with the Galapagos Islands and hot 
spot tracks. They argued that the geographically restricted enriched mantle signature, 
traceable into the back-arc region, correlates well with the Galapagos hotspot track over 
the past 90 Ma. They argue that the enriched signal in back arc lavas can be derived by 
remelting Galapagos hotspot influenced mantle and doesn’t require any subducting 
component.             
 Goss and Kay (2006) reported steep rare earth element (REE) patterns and 
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distinctively enriched Pb isotope compositions, when compared to older Miocene lavas, 
from southern Costa Rica and Panama Pliocene adakitic magmas. They suggested that 
this signature could result from incorporation and subsequent partial melting of ophiolitic 
forearc crust by forearc subduction erosion into the mantle wedge beneath southern 
Costa Rica. High-pressure metamorphism in the subduction channels could explain the 
steep REE patterns in the adakitic lavas.       
 Using oxygen isotope data, Eiler et al. (2005) argued that dehydration of 
hydrothermally-altered rocks and/or serpentinites on the down-going plate contribute to 
central Nicaraguan magma sources. Walker et al. (2007) proposed that Nicaraguan 
magmas contain a maximum contribution of subducted Cocos Plate sediments, 
consistent with the high 10Be/9Be isotope ratios in the central Nicaraguan lavas (Morris 
et al. 1990).           
 Large heterogeneity of CAVA magma sources on local and regional scales have 
been reported by Sadofsky et al. (2008), using olivine melt inclusion compositions (i.e. 
major and trace elements and volatile components) from CAVA samples from Costa 
Rica to Guatemala. They relate these variations to variable contributions of various 
crustal and mantle components involved in magma genesis. The magma generation in 
the central Nicaraguan part of the arc seems to be dominated by melting in the mantle 
wedge, fluxed by Ba-, B- and H2O-rich, possibly serpentinite-derived, fluids based on 
correlations of water and trace elements (e.g. Ti, Y and Na) and trace element ratios 
(e.g. Ba/La, B/La). Whereas Costa Rican magma generation seem to be controlled by 
components with melt-like properties, e.g. high Cl, S, F, LREE and La/Nb.   
 Based on combined Pb and Nd isotopic, incompatible trace element (Ba/La and 
La/Yb) and seismic velocity anisotropy data, Hoernle et al. (2008) argued that Costa 
Rican VF and BA lavas isotopic compositions can only be explain by the addition of the 
subducting seamount province to their magma source. They interpreted systematic 
variations in isotopic composition of volcanic front volcanoes and arc-parallel seismic 
velocity anisotropy in the mantle wedge to reflect northwestward flow in the mantle 
beneath Central Costa Rica to northwest Nicaragua. They proposed that primarily 
hydrous fluids derived from the subducting oceanic crust and/or serpentinites in the 
down-going slab +/- small amounts of sediment melts could account for the material 
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transfer from the slab beneath Nicaragua. Recent trace element modeling by Gazel et 
al. (2009) demonstrated that the Galapagos hotspot contribution decreases 
systematically along the volcanic front from central Costa Rica to NW Nicaragua and 
that small amounts of sediment melts (≤0.6 wt. %) also contribute to the trace element 
signatures. Central Costa Rica VF and BA lavas have a Galapagos-OIB-like isotopic 
signature and trace element ratios (e.g. Ba/La <40, La/Yb >10), which has an Late 
Miocene (~6 Ma) origin most likely resulting from the subduction of the Galapagos 
hotspot seamount province. 
In this study, we present a new geochemical (major and trace elements and Sr-
Hf isotope ratios) data set, in order to put new constraints on sources for mafic VF and 
BVF lavas from volcanic centers along and across the Central American Volcanic Arc in 
Panama, Costa Rica and Nicaragua. We note that our data, since it is based in part on 
the same sample material, is complementary to the Hoernle et al. (2008) and Gazel et 
al. (2009) papers. We further note that our study is the first to present Hf isotope data 
for mafic volcanic rock samples from Panama, Costa Rica and Nicaragua. Our data 
confirm systematic along- and across-arc variations in isotopic compositions and major 
and trace elements (e.g. Carr et al., 1990, 2003; Feigenson et al. 1993, 2004; Sadofsky 
et al., 2008; Hoernle et al., 2008; Gazel et al., 2009). We also present new geochemical 
data for the influence of the Galapagos hotspot derived magmas on volcanic arc lavas 
in Costa Rica and their decreasing influence towards Nicaragua. We evaluate data on 
potential geochemical endmembers in the southwestern part of the Central American 
subduction system: subducting Cocos Plate sediments (from DSDP Sites 495 and 499) 
and seamount province (from SO144 cruise), Cocos and Coiba ridges (SO144 cruise) 
igneous oceanic crust (from DSDP Site 495 and IODP site 1256). Integrating the new 
geochemical dataset for volcanic rocks and subduction zone endmembers with 
available geochemical data on the same samples allow us to place further strong 
constraints on the sources involved in magma generation beneath southwestern Central 
America and present a comprehensive model for the southern CAVA. 
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3.2.1 Geological overview 
 Subduction of the Cocos Plate beneath the Central America (Caribbean 
Plate) creates a chain of volcanoes extending for more than 1400 km from Tacaná 
Volcano near the Guatemalan-Mexican border to western Panama (Figure 1). These 
subduction-related volcanic centers can be divided into volcanic front (VF) – making up 
the main chain of volcanoes - and generally smaller behind the volcanic front (BVF) 
volcanic centers (Carr et al., 1984), up to 350 km from the trench. An extensive 
overview of the Central American geology can be found in e.g. Auboin et al. (1982); 
Carr et al. (1990, 2003); Protti et al. (1995). Below we summarize the Central American 
geology relevant to this study. 
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Figure 3.1 Overview map of Central America, with black arrows indicating the subduction 
direction and relative velocity (in mm per year, after DeMets, 2001) of the Cocos Plate beneath the 
Caribbean. Dredge site SO 144-1 (after Werner et al., 2003) and ODP site 1256 mark sample 
locations for Cocos Plate oceanic crust. The heavy dashed lines denote the boundaries of the 
Galapagos hotspot track seamount province, Cocos and Coiba ridges, and its projection beneath 
Central America, i.e. central Costa Rica and Panama. Line with longer dashes marks the boundary 
between crust formed at the East Pacific Rise (EPR) and the Cocos Nazca spreading centre (CNS).  
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 In this study, we concentrate on Quaternary subduction-related volcanism 
in the southwestern part of Central America, extending along the volcanic front from 
Cosigüina Volcano in northwest Nicaragua to Turrialba Volcano in central Costa Rica 
and Tortuguero in the back-arc (Figure 1). We further concentrate on Pliocene to 
Quaternary subduction-related adakite and alkali basalt bearing volcanism from the 
Talamanca mountain range in southern Costa Rica to Chiriqui and Sona in Panama. 
 The volcanism in Central America results from the subduction of the Cocos Plate 
beneath the Caribbean Plate. While the convergence rate between the two tectonic 
plates is almost constant with ~84 ± 5 mm/a offshore Nicaragua to southern Costa Rica 
(DeMets, 2001), the angle of the subducting Plate decreases from an arc-wide 
maximum of 64° beneath Nicaragua to ~59° in central Costa Rica and ~30° in southern 
Costa Rica (Graefe et al., 2002; Syracuse and Abers, 2006). The subducting Cocos 
Plate crust north of the Nicoya Peninsula (Figure 1), generated at the East Pacific Rise 
spreading center, has an average age of ~25 Ma (Protti et al., 1995). Here the 
subducting upper lithospheric mantle appears to be extensively serpentinized, most 
likely due to the presence of faults related to the bending of the plate outboard of the 
trench. These faults cut through the entire crust and extend into the upper mantle, 
where they have allowed hydration and serpentinization of the uppermost mantle of the 
incoming plate (Rüpke et al., 2002; Abers et al., 2003; Ranero et al., 2003; Grevemeyer 
et al., 2007; Ivandic et al., 2008; Syracuse et al., 2008). The crust subducting south of 
the Nicoya Peninsula (Figure 1) has been generated between approximately 15-20 Ma 
ago at the slow spreading Cocos Nazca spreading center (Protti et al., 1995; Werner et 
al., 1999, 2003). The seamount province of the NE-trending Galapagos Hotspot track, 
located NW of the Cocos Ridge, subducts beneath Central Costa Rica, whereas the 
Cocos & Coiba Ridges subduct beneath southern Costa Rica and western Panama 
(e.g. Hoernle et al., 2002).  The Galapagos Hotspot subducting beneath Costa Rica 
ranges in age between 13.0 and 14.5 Ma and the Coiba Ridge 15-20 Ma (Werner et al., 
1999, 2003) and is geochemically zoned with the seamount province and Cocos/Coiba 
Ridges having distinct compositions (Hoernle et al., 2000, 2008). 
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In general the Pacific subduction margin of Central America has been shown to 
be erosional (Ranero and von Huene, 2000; Vannucchi et al., 2001; Vannucchi et al., 
2004). The large accreted oceanic complexes along the Pacific coast of Central 
America and the intrusive Talamanca complex (southern Costa Rica) represent an 
earlier episode of plate convergence associated with accretionary processes (e.g. 
Drummond et al., 1995; Hauff et al., 2000; Denyer et al., 2006; Hoernle and Hauff, 
2007; Geldmacher et al., 2008). The thickness of the Cocos crust increases from 5 to 7 
km offshore Nicaragua to 12 km offshore SE Costa Rica on the flank of the Cocos 
Ridge (von Huene et al., 2000) to 21 km at the thickest part of the Cocos Ridge 
(Walther et al., 2000). The overlying crustal thickness is the thinnest directly beneath 
the Nicaraguan arc (24.6 ± 3.5 km) and the thickest beneath the back arc of Nicaragua 
(43.5 ± 2.5 km) and the Costa Rican arc (37.9 ± 5.2 km) (e.g. Auger et al., 2006; 
MacKenzie et al., 2008). The top to the downgoing plate ranges along the volcanic front 
from less than ~150 km beneath Nicaragua to ~60 km beneath Costa Rica (Syracuse et 
al., 2006, 2008). 
 
3.3 Analytical Methods 
We collected the freshest Quaternary mafic lava and tephra samples from the youngest 
volcanic events, historic when possible, from volcanic centers along and across the 
volcanic arc in Nicaragua, Costa Rica and Panama. After removal of the altered outer 
surfaces, the samples were crushed to small rock chips using a steel jaw crusher. The 
chips were then washed in distilled water in an ultrasonic bath, dried in a drying cabinet 
at 50°C, hand-picked under a binocular microscope and ground to powder (<63 µm) 
using an agate mill.  
 Major elements of whole rock samples (SiO2, Al2O3, MgO, Fe2O3, CaO, Na2O, 
K2O, TiO2, MnO and P2O5) were measured on fused glass beads using a Phillips 
X’Unique PW 1480 X-ray fluorescence spectrometer (XRF) with an Rh-tube at Leibniz 
Institute of Marine Sciences, IFM-GEOMAR. Volatiles (H2O and CO2) were analyzed 
using an infrared photometer Rosemount CSA 5003. Analytical accuracy for major 
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element concentrations for international reference standards (JA-2, JB-2, and JB-3) is 
generally better than 5 %, except for MnO (5 – 12 %) and P2O5 (4 – 10 %), of the 
suggested values by Govindaraju (1994). 
 Trace elements (Rb, Ba, Th, U, Nb, Ta, Pb, Sr, Ni, Cr, Tl, Li, Sc, V, Co, Cu, Zn, 
Cs, Sn, Mo, Hf, Zr, Y and the REE) were measured with a VG-Plasmaquad PQ1 
inductively coupled plasma-mass spectrometer (ICP-MS) at the Institute of 
Geosciences, University of Kiel after the methods of Garbe-Schönberg (1993). 
Analytical accuracy for standard material BHVO-1 for all trace elements is better than 
5.5 %, except for Sn and Pb (~12.5 %) and Tl (33 %). Analytical accuracy for standard 
material for AGV-1 is better than 10 %, except for Cr, Tl and Th (11 – 13%) and Li, Nb, 
Mo and Tm (21 – 28 %), based on the suggested reference values of Govindaraju 
(1994) and Jochum et al. (1994). 
 Isotope analyses were carried out at IFM-GEOMAR using a Thermo Finnigan 
TRITON (Sr isotopes) and Finnigan MAT 262-RPQ2+ (Sr isotopes) thermal ionization 
mass spectrometers and an AXIOM multiple collector ICP-MS (Hf isotopes), all 
operating in static mode. Sr isotope analyses, carried out in a Class 1000 clean room, 
were made on a subset of about 100mg whole rock powders of selected samples. The 
powders were weighted into Teflon beakers and digested in a solution of HF u.p. (ultra-
pure) and HNO3 (5:1) at 150°C for 60 hours. Ion chromatography was carried following 
the procedure by Hoernle and Tilton (1991), Hoernle et al. (2008) and Geldmacher et al. 
(2006). Within-run normalization factors were 0.1194 for 86Sr/88Sr. All errors are 
reported as 2 sigma of the mean. Sr standard NBS 987 averaged during 4 analysis 
sessions yielded 87Sr/88Sr =0.710233 ± 0.000036 (N=36). Isotope ratios were 
normalized to 0.710250 (NBS 987) for 87Sr/88Sr. Hafnium isotope ratios were 
determined on a subset of 20 samples. 200-500 mg of rock chips were digested for 60 
hours at 130˚C in a HF-HNO3 mixture and chemical separation followed the procedures 
outlined in Blichert-Toft et al. (1997). For detailed descriptions of MC-ICP-MS setup and 
analyzing modes see Geldmacher et al. (2006). The JMC 475 Hf-reference standard 
gave 176Hf/177Hf = 0.282132 (n=24) and all measured Hf values were corrected to JMC 
475= 0.282163 (Blichert-Toft et al., 1997). 
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3.4 Results 
Seventy-six mafic (MgO >3.5 wt %, with the exception of 3 Costa Rica VF samples 
having 2.6 – 3.5 wt%) volcanic whole-rock samples (36 lava and 40 tephra samples) 
from major volcanic centers along and across the southwestern Central American 
Volcanic Arc from SW Nicaragua (Nejapa Volcano) through Costa Rica to Panama have 
been analyzed for major and trace elements (Table 1). All of these samples have also 
been analyzed for Sr and a subset of 20 samples for Hf isotopes (Table 2). Note 
additional Pb and Nd isotope data from these samples are reported in Hoernle et al. 
(2008).  
3.4.1 Major and Trace element data 
On a SiO2 vs. K2O classification diagram for subalkalic rocks (Figure 2), VF samples 
from SW Nicaragua to NW and Central Costa Rica have compositions within the 
Medium-K or calc-alkaline series with few Central Costa Rica samples extending into 
the High K or High-K calc-alkaline and few NW Costa Rica and SW Nicaragua into the 
Low K or tholeiitic series. The alkali basalts from S Costa Rica and W Panama have 
High-K calc-alkaline compositions extending into calc-alkaline series. Adakite samples 
from S Costa Rica and W Panama have calk-alkaline to High-K calc-alkaline 
compositions largely overlapping with C Costa Rica VF sample compositions. In 
summary Central Costa Rica VF and Backarc, southern Costa Rica and western 
Panama volcanic rocks have generally higher K values, extending from the Medium into 
the High K field, whereas Nicaragua and northwest Costa Rica samples range from Low 
to Medium K values. This confirms Gazel et al. (2009). 
 
 
 
- 68 - 
CHAPTER 3 
 
- 69 - 
 
Figure 3.2 SiO2 versus K2O major element classification diagram (after Le Maitre et al., 1989) 
for southwestern Central American subduction-related volcanic rocks. Mafic (MgO>3.15 wt %) 
volcanic front (VF) rocks from SW Nicaragua to central Costa Rica plot within the Medium K or 
calc-alkaline series field. Most of the southern Costa Rica and western Panama alkali basalts 
samples plot within the High K or High-K Calc-alkaline series and adakite samples (blue field) 
within the High K series and largely overlapping with the Medium K series. Central Costa Rican 
rear-arc samples have intermediate to high K compositions, with generally lower SiO2 content. 
Data for NW Nicaraguan VF samples is also shown (Heydolph et al., to be submitted). Vertical 
dashed lines indicate transitions between basalt to basaltic andesite and andesite compositions 
for volcanics (modified after Le Maitre et al., 2001). See Table 1 for geochemical data in this 
diagram.  
 
Volcanic front samples from Nicaragua and NW Costa Rica usually have higher FeOt 
(total iron as FeO), MnO, CaO, Al2O3, Sc, V and Yb, but lower SiO2, TiO2, Na2O, P2O5, 
K2O, Pb, Sr, Rb, Ba, Nb and La contents at a given MgO content (Figure 3a-t) than 
Central Costa Rica to western Panama samples. Central Costa Rica BVF samples  
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Figure 3.3 (a-i) MgO versus major element oxide variation diagrams for volcanic front (VF) and 
behind the volcanic front (BVF), adakite and alkali basalt mafic volcanic rock samples with MgO > 
3.15 wt%. (j-r) MgO versus select trace elements variation diagrams for volcanic front (VF) and 
behind the volcanic front (BVF), adakite and alkali basalt mafic volcanic rock samples with MgO > 
3.15 wt%. 
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having the highest MgO values (MgO = 6.81-13.39 wt%.) show similar concentrations to 
southern Costa Rica and Panama alkali basalt samples with generally lower SiO2, Al2O3 
and higher TiO2 than VF samples from Costa Rica and Nicaragua (Figure 3a-c). Adakite 
samples from southern Costa Rica and Panama have higher SiO2 and K2O and lower 
FeOt, MnO and CaO than VF samples from Costa Rica and Nicaragua (Figure 3a, c, d,  
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Figure 3.4 (a-f) Primitive N-MORB normalized (after Sun and McDonough, 1989) multi-element 
diagrams of selected volcanic front (VF) and behind the volcanic front (BVF) samples (MgO > 3.15 
wt %) from Nicaragua, Costa Rica and alkali basalt and adakite samples from Costa Rica and 
Panama. The complete range of southwestern Central American volcanic front arc lava 
compositions from this study is indicated by underlying grey field, including VF, BVF, alkali basalt 
and adakite samples. Data for average E-MORB (bold red line) and OIB (bold blue line) 
compositions after Sun and McDonough (1989).  
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e, f, i). Sc and V show a crude decrease and Pb and Sr a crude increase in the most 
mafic VF samples going from NW Nicaragua to central Costa Rica (Figure 3j-m). The 
most mafic central Costa Rica BVF samples generally extend to intermediate Sc, V, Pb, 
Rb, Ba and Yb but higher Sr, Nb and La, when compared to VF samples from 
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Nicaragua and Costa Rica (Figure 3j-r). Alkali basalt samples from southern Costa Rica 
and Panama have higher Sr, Nb and La and intermediate Sc, V, Pb, Rb, Ba and Yb 
than VF samples from Nicaragua and Costa Rica.  
On primitive N-MORB normalized multi-element diagrams (Figure 4a-f), all 
samples display enrichment in fluid-mobile large-ion-lithophile elements (LILE; e.g. Ba, 
K, Pb, Sr) and U, relative to high field strength elements (HFSE; e.g. Nb, Ta, Zr, Hf, Ti) 
and light rare earth elements (LREE; e.g. La, Ce, Nd) reflecting typical subduction-
related trace element abundance patterns (e.g. Arculus, 1994; Pearce, 1995).   
 Trace element compositions and ratios vary systematically along the 
volcanic front, between VF and adakite samples from southern Costa Rica and western 
Panama and between VF/adakite and BVF S Costa Rica and western Panama alkali 
basalt samples. Ratios of more to less fluid mobile trace elements (e.g. Ba/La, U/Th, 
Ba/Th and to a lesser degree Sr/Ce, Figure 5j-m) vary systematically along the volcanic 
front decreasing from NW Nicaragua to Panama, consistent with the results of previous 
studies (e.g. Carr et al., 1990, 2003, 2007; Patino et al., 2000, Sadofsky et al., 2008). 
Central Costa Rica VF and BVF samples generally extend to the lowest more to less 
fluid mobile element ratios (Figure 4j-m), with southern Costa Rica and Panama adakite 
and alkali basalt samples showing similar compositions. Ratios of more to less 
incompatible rare earth elements (REE) elements (e.g. La/Yb) (Figure 5n) generally 
increase from Nicaragua to central Costa Rica, reflecting both generally lower heavy (H) 
REE and higher LREE contents in the central Costa Rican lavas (e.g. Figure 5n). Zr/Hf 
ratio shows broad increase from NW Nicaragua to Central Costa Rica. (Figure 5o). 
Southern Costa Rica and western Panama have similar La/Yb and Zr/Hf to central 
Costa Rica. In general central Costa Rican BVF samples have higher LREE/HREE 
ratios than VF volcanoes along transects in central Costa Rica perpendicular to the 
trench and VF. BVF samples have higher HFSE and REE contents than related VF 
samples with similar MgO contents. 
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Figure 3.5 Distance along the volcanic front versus major (a-i) and selected trace element 
ratios (j-o) of fluid mobile to immobile elements for mafic southwestern CAVA volcanic rock 
samples from the VF, BVF. Also shown are data for southwestern Costa Rica and western Panama 
alkali basalt and adakite samples. Dashed vertical lines mark the respective country borders. 
Distance in kilometer is calculated from Cosigüina Volcano in NW Nicaraguan near the border to 
Honduras at the Gulf of Fonseca.  
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3.4.2 Sr-Nd-Pb-Hf isotopes 
 The Sr and Hf isotope data is presented in Table 2. The 87Sr/ 86Sr isotopic 
composition shows an initial increase along the VF from NW Nicaragua (Cosigüina 
Volcano) to Central Nicaragua (with a maximum 87Sr/86Sr of 0.7042 for Masaya 
Volcano) and then a systematic decrease through central Costa Rica to western 
Panama (Figure 6a). Two samples from the Nejapa volcanic centers with 87Sr/86Sr of 
0.7037 form a local minimum. Southern Costa Rica and western Panama adakite and 
alkali basalt samples continue the decreasing trend observed in the VF samples to 
87Sr/86Sr as low as 0.7033, similar to what has been observed previously (e.g. Carr et 
al., 2003). Backarc Central Costa Rica samples show a larger range in Sr isotope ratios 
than the Central Costa Rica VF samples, completely overlapping with the Central Costa 
Rica VF samples but extending the Sr isotopic composition to generally lower values. 
Southern Costa Rica and Panama adakite samples extend to the least radiogenic Sr 
isotope ratios.  As noted previously (Hoernle et al., 2008), the Pb isotope ratios (e.g. 
Figure 6b) increase systematically along the VF from NW Nicaragua (206Pb/204Pb = 
18.4) to central Costa Rica, where after a slight decrease, the Pb isotope ratios increase 
to their maximum values (e.g. 206Pb/204Pb = 19.3) in the westernmost Panama adakites 
before decreasing again slightly in the central Panama alkali basalts (206Pb/204Pb = 
19.1). The Central Costa Rica backarc alkali basalts also extend to similar Pb isotopic 
ratios as the western Panama adakites. The variation in Nd isotopic composition is not 
as tight as for the Pb isotope ratios, but overall Nd isotope variations form a mirror 
image of the Pb isotope variations with the lowest Nd isotope ratios (143Nd/144Nd = 
0.51293) being present in the Central Costa Rica backarc alkali basalts and the 
westernmost Panama adakites (Figure 6c). The 176Hf/ 177Hf isotope data (Figure 6d) 
show a crudely similar variation along the southern part of the Central American arc to 
the variations in Nd isotopic composition, although the Hf isotope data shows greater 
variability than the Nd isotopic variation, in particular for samples from southwestern 
Nicaragua (Nejapa, Mombacho and Concepcion). BVF samples from central Costa Rica 
have the lowest 176Hf/ 177Hf isotope ratios along the arc. Southern Costa Rica and 
Panama adakite and alkali basalt samples show a broad scatter largely overlapping with 
the Central Costa Rica volcanic front samples. Central Costa Rica BVF samples in  
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Figure 3.6 (a-d) Distance along the volcanic front versus 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb and 
176Hf/177Hf for mafic (MgO > 3.15 wt %) southwestern Central American volcanic samples from the 
VF and BVF. Also shown are data for southwestern Costa Rica and western Panama alkali basalt 
and adakite samples. Data for subducting seamounts, Cocos Plate sediments and crust from 
Feigenson et al. (2004), Werner et al. (2003), Geldmacher et al. (2003, 2008), Heydolph et al. (to be 
submitted). All errors are reported as 2 sigma of the mean. Distance in kilometer is calculated 
from Cosigüina Volcano in NW Nicaraguan near the border to Honduras at the Gulf of Fonseca. 
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central Costa Rica extend to the most enriched, subducting seamount province-like 
compositions, with less radiogenic 87Sr/86Sr, 143Nd/144Nd and 176Hf/ 177Hf but more 
radiogenic Pb isotope ratios than associated VF samples. 
On 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb vs. 176Hf/ 177Hf isotope correlation 
diagrams (Figure 7) for SW Central American volcanics, VF and BVF samples from 
Nicaragua and Costa Rica form a crude negative correlation, extending from Cocos 
Plate crust-like composition with unradiogenic Pb and radiogenic Hf  towards an 
enriched component with radiogenic Pb and unradiogenic Hf. The northwestern 
Nicaragua VF samples have the most depleted i.e. enriched MORB (E-MORB) like 
compositions. The southern Costa Rica and Panama alkali basalt and adakite samples 
overlap with central Costa Rica BVF samples though they have slightly more radiogenic 
Hf isotope ratios (with the exception of 2 samples from Barva and Chiriqui, which have 
less radiogenic Hf isotope ratios for a given Pb isotopic composition). On the Pb versus 
176Hf/177Hf isotope diagrams, the samples from SW Nicaragua form a vertical trend. 
Addition of sediments to these lavas cannot explain the low Pb and Hf isotope ratios, as 
is clear from the 207Pb/204Pb and 208Pb/204Pb vs. 176Hf/ 177Hf isotope diagrams (Fig. 7 b, 
c).  
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Figure 3.7 (a-c) Pb vs. Hf isotope data for mafic (MgO > 3.15 wt %) southwestern Central American 
volcanic rock samples from the VF and BVF. Also shown are data for southwestern Costa Rica 
and western Panama alkali basalt and adakite samples. Data for subducting Seamount province, 
subducting Cocos and Coiba ridges, Cocos Plate sediments and crust from Feigenson et al. 
(2004), Werner et al. (2003), Geldmacher et al. (2003, 2008), Heydolph et al. (to be submitted). All 
errors are reported as 2 sigma of the mean.  
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On the εNd vs. εHf diagram (Figure 8), the SW Central American rocks form a 
good positive correlation if only the VF (r2 = 0.83) or if all arc-related rocks are 
considered (r2 = 0.66). The SW Central American VF array falls on top of the mantle 
array and has a similar slope. The alkali basalt and adakite samples largely overlap with 
the VF trend but overall are shifted to slightly lower εHf values, forming a trend with a 
slightly shallower slope than the VF array. 
 
Figure 3.8 eNd vs. eHf diagram for mafic southwestern Central American VF and BVF volcanic 
rock samples. Combined VF and BVF samples from the southwestern Central American volcanic 
arc form a good positive linear correlation (R2 = 0.8278). Excluding the central Costa Rica BVF and 
southern Costa Rica and western Panama samples, the positive trend can be defined by two 
components (SO144-1/ Pacific MORB-type composition and subducting Seamount province 
enriched type composition) with Nicaraguan samples having the most Pacific MORB-like 
compositions and central Costa Rica samples trending towards an enriched component.  Diagram 
modified after Geldmacher et al. (2003) with additional fields for Cocos Plate Sediments (DSDP 
Leg67 offshore Guatemala), subducting Cocos and Coiba ridges and subducting Seamount 
province (Geldmacher et al., 2003, 2008).  
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3.5 Discussion 
Various authors suggested distinct models for the origin of the enriched OIB-like 
signature in southwestern CAVA volcanic rocks (e.g. Abratis and Wörner, 2001; Goss 
and Kay, 2005; Hoernle et al., 2008; Gazel et al., 2009). We will now briefly discuss the 
most recent models and further evaluate with our new geochemical dataset.  
Enriched isotopic signatures in Costa Rican volcanic rocks have been reported by 
various authors (e.g. Carr et al., 1990, 2003; Abratis and Wörner, 2001; Feigenson, 
2004; Goss and Kay, 2005; Hoernle et al., 2008; Gazel et al., 2009). However the origin 
of this signature has been intensively debated. The OIB-like signature in central Costa 
Rican lavas could result from melting of the upwelling Pacific upper mantle through a 
slab window in the mantle wedge beneath southern Costa Rica and Panama (Abratis 
and Wörner, 2001). Though, as Gazel et al. (2009) pointed out by their new data, this 
model does not account for the more intermediate isotopic values of some of the Early 
Middle Miocene Talamanca Range samples. Feigenson et al. (2004) suggested that 
remelting of Galapagos influenced mantle during modern subduction beneath central 
Costa Rica could generate the OIB-like trace element and isotopic signatures of all 
erupted lavas above the hot spot track. New isotopic data for tertiary lavas and shallow 
intrusion from Costa Rica show that the OIB-like signature is of Late Miocene origin 
(Gazel et al., 2009). That contradicts the remelting Galapagos influenced mantle model 
from Feigenson et al. (2004), which would rather result in an OIB-like signature since 
the Oligocene. Another model by (Goss and Kay, 2006) suggests that incorporating 
parts of the accreted fore-arc oceanic complexes by tectonic erosion. These complexes 
are associated with Caribbean large igneous province (CLIP) remnants. However, this 
is only plausible if the tectonic erosion started with beginning of the Galapagos hotspot 
tracks and new data on late Miocene lavas from Costa Rica (Gazel et al., 2009) show 
more enriched 208Pb/204Pb and lower 143Nd/144Nd isotopic compositions at a given 
206Pb/204Pb when compared to Costa Rican fore-arc CLIP complexes. On the other 
hand new models from Hoernle et al. (2008) and Gazel et al. (2009) suggest, based on 
Pb and Nd isotopic compositions that the offshore central Costa Rica subducting 
Galapagos hotspot seamount province could explain the radiogenic Pb with high 
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208Pb/204Pb of Costa Rican VF and BA lavas. The subducting Cocos and Coiba ridges 
could explain the volcanic rocks from southern Costa Rica and western Panama, which 
have radiogenic Pb but intermediate 208Pb/204Pb and 143Nd/144Nd, Other potential source 
components for the Costa Rica and Panama volcanic rocks (e.g. CLIP-like Costa Rica 
fore-arc or Galapagos hotspot influenced mantle have isotopic composition distinct from 
the subducting seamount province and therefore cannot explain the Pb and Nd isotopic 
data (Hoernle et al., 2008), or would result in enriched signatures for longer periods 
than the middle Miocene (Gazel et al., 2009). 
Generally all volcanic front samples from Nicaragua and Costa Rica show an 
incompatible element geochemistry which clearly indicates a subduction zone affinity for 
these volcanic rocks:  relative enrichment of fluid-mobile elements, such as LILEs and 
Pb (which form peaks on multi-element diagrams, (Figure 4), and relative depletion of 
HFSE, such as Nb, Ta and Ti (which form troughs on multi-element diagrams). Ratios of 
high to less fluid-mobile trace elements i.e. Ba/La, Ba/Th, Ba/Nb, U/Th and Sr/Ce 
(Figure 5 j-o) range for all NW and some SW Nicaraguan above those commonly found 
in MORB and OIB and rather reflect the influence of a sediment component to their 
magma sources. Lavas from Costa Rica and Panama have generally Ba/La values <40 
(with a few exceptions in NW Costa Rica having Ba/La ~49), which could reflect the 
derivation from an enriched source. Ratios of La/Yb, indicative for lower degress of 
partial melting or an enriched source contribution to the magmas sources are highest 
from central Costa Rica to Panama (ranging from ~10 to ~74). Compared 206Pb/204Pb 
isotope data and La/Yb show that high 206Pb/204Pb and La/Yb data coincide, indicating 
an enriched source contribution. 
Combined 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 143Nd/144Nd and 176Hf/177Hf 
isotopic data demonstrate the noticeable influence of distinct subducting Cocos Plate 
components (Cocos Plate crust, subducting sediments, subducting Seamount province 
and subducting Cocos and Coiba ridges) on the SW CAVA lava compositions. We 
identify at least three compositional endmembers: 1) NW Nicaraguan VF rocks have 
high Ba/La, Ba/Th and U/Th but low La/Yb and Zr/Hf, unradiogenic Pb but radiogenic 
Sr, Nd and Hf isotope ratios, comparable to offshore NW Nicaragua subducting Cocos 
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plate crust (e.g. Figure 7, 8, Isos II (appendix)). Isotopically these rocks represent a 
depleted endmember in the Central American system, although they are enriched in 
87Sr/86Sr when compared to Pacific MORB. 2) Central Costa Rica VF rocks have low 
Ba/La, Ba/Th and U/Th but high La/Yb and Zr/Hf, radiogenic Pb but unradiogenic Sr, Nd 
and Hf isotope ratios. These rocks show similar isotopic compositions to the offshore 
central Costa Rica subducting Seamount Province (Figure 6, 7, Isos II (appendix)). 3) 
Southern Costa Rica and western Panama alkali basalt and adakite rocks have low 
Ba/La, Ba/Th and U/Th but high La/Yb and Zr/Hf (similar to central Costa Rican 
rocks),unradiogenic Sr and 176Hf/177Hf but high 206Pb/204Pb and 207Pb/204Pb isotope 
ratios. The source component of these rocks could be influenced by the subducting 
Cocos and Coiba ridges (Figure 6, 7, Isos I, II (appendix)) or the subducting seamount 
province. An additional and distinct source from subducting crust source component is 
required for SW Nicaragua lavas from Masaya volcano with high Ba/La, 87Sr/86Sr and 
176Hf/177Hf but unradiogenic Pb. Sadofsky et al. (2009) inferred from low Ba/Th and 
δ18O and higher U/La and correlation with H2O from melt inclusion studies, that a 
subducting hemipelagic sediment is contributing to the magma source of Masaya 
volcano.  
Our new major and trace element and Sr and Hf isotope data supplement data from 
Hoernle et al. (2008), who demonstrate the influence of the subducting Galapagos hot 
spot track (seamount province) on the chemistry of the erupted rocks in southwestern 
Central America. Below we will compare our new data with existing models for the origin 
of the source compositions for southwestern Central American arc lavas. Ratios 
indicative for an enriched mantle component (e.g. Zr/Hf, La/Yb) show high values ~20 
and ~40 respectively for central Costa Rican lavas and decrease systematically to 
Nicaragua. Whereas ratios of Ba/La and Ba/Th, which are almost constant within the 
sediment column of the Cocos plate, clearly show a strong sediment contribution to the 
magma source for NW Nicaragua. This signal decrease systematically along the arc to 
Costa Rica and Panama. 
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3.5.1 The subducting Cocos plate offshore central Costa Rica and Panama 
As illustrated on distance along the volcanic front vs. Sr, Pb and Hf isotope ratios 
diagrams (Figure 6) and the Pb vs. Hf isotope correlation diagrams (Figure 7), all 
volcanic front samples from NW Nicaragua to Central Costa Rica vary systematically 
along the volcanic front and additionally form crude negative trends between the Cocos 
Plate crust and subducting Seamount province and Cocos and Coiba ridges. SW CAVA 
VF rocks form a good positive linear correlation on an Nd vs. Hf isotope diagram (Figure 
8, 9) between subducting Cocos plate crust/ Pacific MORB and subducting Seamount 
province. Combined Sr vs. Nd and Hf isotopic data (Figure Isos I and II) show positive 
correlation for SW VF CAVA lavas, ranging from subducting Cocos and Coiba ridges-
like compositions to a more radiogenic one with elevated Sr isotope ratios (most likely 
reflecting seawater alteration). Binary mixing curves between a Pacific MORB (or the 
composition of the subducting crust, as indicated by sample SO144-1 from Werner et 
al., 2003, although we don’t have Hf isotope data on this sample) endmember and an 
enriched subducting Seamount province endmember requires assimilation of ~10 to 15 
% of the enriched component to generate our observed Nd and Hf isotopic 
compositions of the most enriched VF samples from central Costa Rica. Other potential 
source components e.g. Cocos Plate sediments, do not have appropriate isotopic 
compositions and mixing between a Pacific MORB like endmember and these 
components cannot explain our observed correlation of volcanic rocks from NW 
Nicaragua to Central Costa Rica VF samples. Binary mixing curves require the addition 
of ~50% of the subducting Cocos and Coiba ridge component to generate our observed 
trends. Cocos plate sediments, which have unradiogenic Hf and radiogenic Nd, clearly 
lie above the mantle array and cannot explain our correlation 
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Figure 3.9 (a, b) (a) eNd vs. eHf diagram for mafic southwestern Central American VF and 
BVF volcanic rock samples. For data on additional sources see Figure 8. Also shown are binary 
mixing lines for mixing between a depleted Cocos plate crust/ MORB-like component and Cocos 
plate sediments, subducting Cocos and Coiba ridges and subducting Seamount province. 
Numbers indicate the mixing ratios. (b) eNd vs. eHf diagram for mafic southwestern Central 
American VF and BVF volcanic rock samples. Additional field for NW CAVA VF and BVF and G3K 
Guatemalan basement sample from Heydolph et al. (to be submitted). 
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Nd and Hf isotopic compositions of the entire VF and BVF NW CAVA with VF SW 
CAVA lavas (Figure 9b) and modeled binary mixing curves show positive trends for both 
NW CAVA and SW volcanic rocks, with Nicaragua being the common radiogenic 
endmember for both trends. While the magma sources for NW CAVA rocks are 
dominated by a three component system, consisting of (1) an enriched lithospheric 
mantle component with high more to less incompatible element ratios, e.g. La/Yb and 
La/Sm, and Zr/Hf, and enriched Sr, Nd, Hf and Pb isotopic composition for NW 
Guatemalan lavas. (2) A Honduras and Caribbean BA endmember, characterized by 
alkalic lavas with OIB-type trace element compositions and enriched (E)-MORB-type 
isotopic compositions. Probably resulting from sampling eclogite/pyroxenite veins in the 
asthenosphere upwelling in the backarc, derived from relatively young subducted 
oceanic crust in the upper mantle. And (3) a NW Nicaraguan endmember with trace 
element and Sr-Nd-Pb-Hf isotope ratios being largely dominated  by serpentinite-
derived fluid flux from the subducting slab, possibly with small amounts (<1 wt. %) of 
sediment melts to a depleted N-MORB type of mantle wedge, resulting in large degrees 
of melting of primarily peridotitic material.  The trends for SW CAVA rocks can largely 
be explained with mixing of three subducting Galapagos hotspot track components. The 
offshore central Costa Rica subducting seamount province with radiogenic Pb and high 
206Pb/204Pb, low 87Sr/86Sr and 143Nd/144Nd and intermediate to low 176Hf/177Hf serves as 
an endmember for central Costa Rican lavas. The subducting Cocos and Coiba ridges, 
having radiogenic Pb, but intermediate 208Pb/204Pb, 143Nd/144Nd and 176Hf/177Hf could 
serve as endmember for southern Costa Rica and western Panama lavas. The 
Nicaraguan endmember with unradiogenic Pb and radiogenic Nd, Hf and Sr is 
dominated by fluid flux from the subducting plate (serpentinite and magmatic crust) 
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3.6 Conclusions: 
The combined Sr, Nd, Hf and Pb isotope data from mafic volcanic front (VF), behind the 
volcanic front (BVF) and back-arc (BA) lava and tephra samples from NW Nicaragua, 
Costa Rica and Panama confirm the influence of distinct subduction components of the 
subducting Cocos plate on the source compositions for SW Central American Arc 
volcanism. We distinguished three geochemically distinct endmember components for 
the prevalent volcanism in SW Central America: 
(1) The NW Nicaragua VF endmember which is characterized by radiogenic Sr and 
Hf but unradiogenic Pb isotopic compositions, low ratios of La/Yb and Zr/Hf but high 
more to less fluid mobile element ratios (e.g. Ba/La, Ba/Th, U/Th), most likely is 
represented by a sediment component. An enriched mantle source addition to the lavas 
source would result in high La/Yb and Zr/Hf and low Ba/La und U/Th and could not be 
explained by our observed variations in the data. This coincides with the steepest 
subduction angle and the thinnest overlying crust along the whole Central American 
Volcanic Arc. The high fluid flux resulting from the dehydration of serpentinite in the 
subducting plate, causes melting in the depleted mantle wedge. Cocos Plate sediments 
seem to have minor influence on this endmember composition.  
(2) The central Costa Rica VF endmember has unradiogenic Sr and Hf and 
radiogenic Pb isotopic compositions, intermediate to high ratios of La/Yb and Zr/Hf but 
low more to less fluid mobile element ratios (e.g. Ba/La, Ba/Th, U/Th). This clearly 
demonstrates the influence of the subducting Seamount province on the source 
component for SW CAVA lavas. 
(3) Southern Costa Rica and western Panama adakites and alkali basalts with high 
ratios of Zr/Hf and La/Yb and radiogenic Pb but unradiogenic and (to a lesser degree) 
Hf isotopic compositions define another endmember. We suggest an enriched mantle 
component as represented by the subducting Cocos and Coiba ridges. Combined Sr vs 
Hf and Nd, and Nd vs. Hf data show positive correlation for SW VF CAVA, elevated Sr 
isotopic composition could result from seawater alteration. The subducting Cocos and 
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Coiba ridges have radiogenic Pb and unradiogenic Hf isotopic compositions and could 
serve as an endmember for our observed trends. 
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Table 3.2. Sr and Hf isotopic compositions of southwestern Central American Arc volcanics 
extending from southwestern Nicaragua to central Costa Rica for Volcanic Front (VF) and Behind 
the Volcanic Front (BVF) samples. Also shown are southern Costa Rica and western Panama 
Pliocene to quaternary alkali basalt and adakite samples. Note! Pb isotope data from Hoernle et al. 
(2008). 
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3.8 Appendix: 
 
Figure Isos I (a-b) Sr vs. Nd and Hf isotope data for mafic (MgO > 3.15 wt %) southwestern 
Central American volcanic rock samples from the VF and BVF. Also shown are data for 
southwestern Costa Rica and western Panama alkali basalt and adakite samples. Data for 
subducting Seamount province, subducting Cocos and Coiba ridges, Cocos Plate sediments and 
crust from Feigenson et al. (2004), Werner et al. (2003), Geldmacher et al. (2003, 2008), Heydolph et 
al. (to be submitted). All errors are reported as 2 sigma of the mean.  
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Figure Isos II (a-b) Nd vs. Hf and Pb vs. Pb isotope data for mafic (MgO > 3.15 wt %) 
southwestern Central American volcanic rock samples from the VF and BVF. Also shown are data 
for southwestern Costa Rica and western Panama alkali basalt and adakite samples. Data for 
subducting Seamount province, subducting Cocos and Coiba ridges, Cocos Plate sediments and 
crust from Feigenson et al. (2004), Werner et al. (2003), Geldmacher et al. (2003, 2008), Heydolph et 
al. (to be submitted). All errors are reported as 2 sigma of the mean. 
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